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          Gliadins are a group of cereal proteins extracted from wheat flour. Gliadins contribute to 
viscosity and extensibility in dough.  
          In our study, distribution and location of gliadins as a function of mixing time in model 
wheat flour dough were investigated for the first time using confocal laser scanning microscopy.   
          In this research we tagged gliadin proteins with Quantum Dots (QDs) to increase the 
clarity and specificity of imaging and then investigated the effect of different mixing conditions 
on distribution of gliadin proteins and their role in building food structure/texture and quality.  
          Dough samples were prepared in a 300 g Brabender farinograph instrument. A complete 
farinogram was obtained. The mixing times chosen were the arrival time (AT), peak time (PT), 
departure time (DT) and breakdown time (5 min after departure time). Small pieces of dough 
(approx. 4x4x4mm) were taken from the farinograph bowl and were immediately frozen using 
liquid nitrogen. The samples were cyro-sectioned to a thickness of 6 μm using cryostat. Auto-
fluorescence of dough was removed by soaking small pieces of samples in 10 mL aqueous 
solution of Heparin. Quantum dots were conjugated to anti-gliadin antibody with a covalent 
crosslinker. Dough sections were conjugated with antibody-QDots mixture. CLSM (Zeiss Lsm 
700) was used to investigate the locations of gliadin. Excitation wavelengths of 405 nm and 615 
nm were selected for the reflection and fluorescence signal respectively. We also utilized the 
Image J program to be able to quantify images obtained from CLSM.  
          We found that antibody-QDots mixture successfully bonded to gliadins located on dough 
sections. The images obtained from dough sections were very bright and clear that allowed us to 
distinguish gliadin easily.   The QDs were found to be localized not only around the air cells as 
indicated by higher intensities but also in the bulk dough. We also observed that mixing plays an 
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important role in distribution of gliadin proteins. Quantum Dots can be used as fluorophore 
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  Dough and bread products predominantly compromise water soluble and insoluble 
proteins, lipids, carbohydrates, water and entrapped air. Food processing conditions along with 
food ingredients determine the food microstructure associated with the appearance, texture, taste 
and stability of the final product (Autio and Laurikainen, 1997). 
           Classic bread making process consists of kneading or mixing, fermentation, dividing and 
rounding, molding, proofing and baking, leading to important structural changes that affect 
quality.  
          Mixing is very important for dough formation. During mixing, a viscoelastic dough is 
formed by blending of water and flour in which the mechanical energy formed by mixer blades 
are transferred to the sample. Mixing leads to formation of two phases: the continuous, three 
dimensional gluten phase and immiscible aqueous phase consisting of water soluble compounds 
and starch (Autio and Laurikainen, 1997; Migliori and Correra 2013).  
          Gluten, which is the main functional protein in the dough, plays a significant role in 
determining the rheological properties of the dough (Tsiami et al., 1997). Gluten possesses two 
sub fractions: monomeric gliadins and polymeric glutenins. Gliadins are responsible for 
plasticity in dough matrix while glutenins possesses robust elastic properties (Southan and 
MacRitchie, 1999). Gliadins, which are highly surface active and hydrophobic monomeric 
proteins, play significant roles in gas holding capacity (Ornebro et al, 2000). Gliadins were found 
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not only in bulk dough but also were present around gluten-gas cell interface by addition of 
fluorescently labelled gliadins to the dough (Li et al., 2004). 
          The use of polyclonal antibodies coupled either directly or indirectly to fluorescent probes 
offers enormous potential for tracing individual proteins of interest at the ultrastructural level. 
Wheat storage proteins found in wheat endosperm and in baked and unbaked wheat products 
were identified using immunohistochemistry techniques ( fluorescent dyes labelled polyclonal 
and monoclonal antibodies) by light microscopy (Ariss, 1986). 
          Currently, organic dyes have been widely known conventional tools used for biolabelling 
of biological molecules. In food science research, numerous organic dyes such as Rhodamine 
(Rh), fluoresceinisothiocyanate (FITC) and tetramethylrhodamineisothiocyanate (TRITC), light 
green, acid fuchsine, are commonly used. However, several drawbacks of using organic dyes as a 
fluorescent probe are present. A novel fluorescent probe called “ Quantum Dots “ has been 
progressively advanced to identify and visualize the biological molecules, which overcomes the 
problems encountered organic dyes. 
         Confocal Laser Scanning Microscopy (CLSM) delivers several benefits for examining 
relationships between composition, processing and the final product quality (Blonk and van 
Aalst, 1993; Kalab et al, 1995). 
          Even though a number of publications examined structural changes during mixing process, 
they focused on the gluten matrix. No study has been documented to investigate the relationships 
between specific subfractions of gluten such as gliadin microstructure and mixing process. The 
overall objective of this research was to investigate distribution and location of gliadin and its 
role in building food structure/texture and quality as a function of mixing time in a model wheat 
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flour dough using confocal laser scanning microscopy and examine polyclonal antibodies` ability 
to recognize gliadins found in wheat flour dough.  In our study, we brought a new 
immunohistochemistry approach to visualize specific wheat proteins of interest using quantum 
dots. Dough samples were taken from a farinograph at arrival time (AT), peak time (PT), 
departure time (DT) and 10 min after departure time.  Gliadins were tagged with quantum dots 
labelled with polyclonal antibodies by means of SMCC crosslinker using immunohistochemistry 
techniques. Location and distribution of gliadins were investigated in AT, PT, DT and 10 min 
after departure time. This offers a better understanding of gliadin microstructure formation 






















          Seed storage proteins  are classified based on their solubility and extraction in different 
solvents. These include the water soluble albumins, the dilute saline soluble globulins, dilute 
acetic acid or alkali soluble glutelins, and aqueous alcohol soluble prolamins, gliadins (Osborne, 
1908).  
          Prolamins are recognized as proteins extractable in aqueous alcohol solutions due to their   
substantial levels of glutamine and proline content.  The prolamins can be divided into two 
groups on the basis of their solubility: monomeric gliadins which are soluble in aqueous alcohols 
60-70 % (v/v) ethanol or 50% (v/v) aqueous propan-1-ol) and polymeric glutenins which are 
soluble in aqueous alcohols by the addition of a disulfide bond reducing agent (2-
mercaptoethanol (2-ME) or dithiothreitol (DTT).  Shewry and Tatham (1990) classified 
prolamins into three groups based on amino acid sequencing as S-rich, S-poor, and high 
molecular weight (HMW) prolamins.  
         The gluten matrix, accounts for 80-90% of the total proteins in flour. Glutens involve the 
interactions of numerous intermolecular and intramolecular disulfide bounds between gliadin and 
glutenin. Wheat gliadins are a group of storage proteins that are extracted from the endosperm of 
the grain with aqueous alcohols (Kasarda et al., 1976). Monomeric gliadins vary in molecular 
weight from 30kDa to 100kDa and account for about half of the total prolamins of gluten 
(Rogers and Hoseney, 1990) (Table 2.1). 
          On the basis of their sequence and electrophoretic mobility gliadins at low pH, were 
initially characterized into four groups (α, β, γ and ω) (Wieser, 2007).  α gliadins, have a MWs  
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range between  40 kDa and 50 kDa, possess high quantities of glutamine, proline and 
phenylalanine  which account for 80 % of its total protein content.  Most of these amino acids do 
not have adequate cysteine levels which play a role in   the formation of crosslinks through 
disulfide bonds  
          The aspartic acid and asparagine content of all gliadins is   fairly low. Gliadins contain 
roughly 15% proline, a cyclic amino acid, which triggers conformational transitions through the 
formation of bends in proteins. In the presence of proline side chains, formation of α-helices, an 
important secondary structure of gliadin polypeptides is inhibited. Gliadins are not rich in 
essential amino acids especially in lysine (Lasztity, 1996). From a nutritional standpoint, lysine, 
the limiting essential amino acids, is found in the storage proteins of wheat (Lasztity, 1996) 
(Table 2.3). Gliadins are among the least charged proteins due to inadequate levels of lysine, 
arginine and histidine, together with the low levels of free carboxyl groups (Lasztity, 1996). This 
gives gliadin their hydrophobic character.   
          Dough and bread are made from wheat flour predominantly consisting of proteins (nearly 
7-15 % of common flour), lipids (about 1% of flour), carbohydrates (63–72% of flour) and water 
(Table 2.2). The bread making process involves kneading and mixing, fermentation, dividing, 
rounding, molding, proofing and baking as shown in fig. 2.1.  Flour and water are blended, 
mixed and kneaded to form dough and to integrate air during the kneading or mixing process. 
Fermentation leads to conversion of basic sugars into alcohol and carbon dioxide by yeast to 
provide a light and airy texture and improve the flavor of the bread. Numerous smaller gas cells 
occur by the dispersion of large gas cells in the dividing step generated during mixing. During 
molding, dough samples are given their final shapes followed by expansion of the volume of 
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dough samples during proofing. The baking process converts the viscoelastic dough into an 
elastic foamy cellular bread structure. 
          The microstructure of bread is associated with its appearance, texture, taste, stability and 
its digestibility, and is determined by the dough ingredients combined with processing conditions 
(Autio and Laurikainen, 1997). The rheological behavior of dough is influenced by the mixing.  
The type of mixing apparatus, energy input, mixing time, and mixing speed all have a lot of 
influence. (Hoseney, 1985; Janssen et al., 1996). Numerous instruments have been industrialized 
for assessment of the dough characteristics and further prediction of final dough quality. 
Examples include farinograph, extensograph, alveograph, amylograph, and mixograph (Lee et 
al., 2001).   
The Farinograph is an instrument that measures the mechanical resistance of dough, 
which depends on the rheological properties of dough while mixing a mixture of water and flour 
to form developed dough (Correra and Migliori, 2013). Mechanical stress is applied to dough 
samples by a couple of rotating sigma shaped blades driven by a motor at constant temperature 
and the resistance of dough against the blades is measured as torque and recorded in a graph 
called farinogram in which the horizontal axis gives time in minute and the vertical axis plots the 
resistance to deformation in arbitrary units called Brabender Units (BU).  A hockey-stick shaped 
farinogram is   obtained with the shape and height of the curve depending on the strength of the 
flour (Fig. 2.2). 
          Important information can be obtained from a farinogram such as water absorption to 
reach 500 BU, development time, stability and degree of softening. The points of interest in the 
farinogram are; arrival time (AT) in which the top of the curve reaches 500 BU, peak time (PT) 
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where top of the curve reaches a maximum, departure time in which the top of the curve falls 
back to the 500 BU, stability   which is the time interval between AT and DT associated with 
strength of flour and mixing tolerance index and finally the difference in BU between PT and 5 
minutes after peak time which is related to degree of softening.     
The curve obtained from a weak flour is narrow whereas strong flour leads to formation 
of a broad and less acute curve associated with larger water absorption and stability (fig.2.3).The 
farinograph has been employed to determine stability and other features of doughs to be able to 
comprehend the effects of several processing conditions or the dough ingredients. (Mohsen et al., 
2010; Ji et al., 2013). 
Numerous rheological studies have been conducted   to understand structural changes that 
occur in the gluten matrix during mixing (Amend and Belitz, 1990; Martinant et al., 1998; Lee et 
al., 2001; Keentok et al., 2002; Dobraszczyk and Morgenstern, 2003; Kuktaite et al., 2005).  
Several studies have been conducted to examine the direct effects of gliadin on rheological 
characteristics of wheat flour (Fido et al., 1997; Mudgil et al., 2013).  Khatkar et al., (2013) 
studied   gliadin addition ranging   from 5% (w/w) to 10% (w/w) to the base flour and observed a 
decrease in the dough stability. Addition of 10% (w/w) gliadin to the base flour resulted in a 
decline in peak time from 3.20 min. to 1.40 min and the maximum value of the curve at peak 
time decreased from 510 BU to 491 BU, thus lowering the strength of the dough. Fido et al 
(1997) demonstrated that the largest weakening effect  on the flour was observed  with  ω gliadin 
addition followed by α-, β-, γ gliadin addition respectively and peak resistance of these flours 
declined by the addition of each type of gliadins (α-, β-, γ, and ω).  
Since rheological properties of dough samples are related to microstructure of dough 
samples, rheological measurements are often coupled with microscopy and imaging techniques 
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in dough samples.   Several  microscopic studies have been carried out to assess the effect of 
mixing on microstructural characteristics of gluten network  using light microscopy (LM) (Autio 
and Salmenkallio-Marttila, 2001;Kuktaite et  al., 2005 ), atomic force microscopy (AFM) 
(Tatham et al., 1999), transmission electron microscopy (TEM) (Amend and Belitz, 1990) 
epifluorescence light microscopy (EFLM) ( Peighambardoust et al., 2010)  scanning electron 
microscopy (SEM) (Amend and Belitz, 1990; Bache and Donald, 1998; Létang et al 1999; 
Watanabe et al., 2002; Calderon –Domingez et al., 2003; Kuktaite et  al., 2005; Khatkar et al., 
2013), and laser scanning confocal microscopy (Lee et al., 2001; Li et al., 2004;  Upadhyay et al 
2012) However, typical light microscopy requires special sample preparation composed of 
exhaustive fixation and embedding leading to artifacts.   Sections must be thin to be able to 
obtain good quality images of microstructure with high resolution (Blonk and Aalst, 1993). SEM 
also requires extended sample preparation time and some essential techniques such as mounting 
and coating with gold nanoparticles to make samples ready for SEM imaging. Modifications in 
the microstructure of the sample may occur due to several chemical and physicochemical events 
before examination during sample preparation time including mounting and coating 
(Peighambardoust et al., 2010; Lee et al., 2001).   
Confocal laser scanning microscopy (CLSM) offers numerous benefits to overcome 
problems encountered by light microscopy and TEM. It does not require long sample preparation 
time (Autio and Laurikainen, 1997) and allows to scan thicker sections (5-10 µm and even more) 
(Lee et al., 2001).  CLSM has the capability of producing blur-free images of thick specimens at 
various depths (three-dimensional specimen). Numerous procedures have been developed to 
prepare the dough and bread samples for imaging (Fardet et al., 1998; Hug-Iten et al 1999; Li et 
al., 2004). In one approach described by Hug-Iten et al (1999), small pieces of dough samples 
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were soaked in heparin solution to remove auto florescence of dough. The samples were then 
frozen with carbon dioxide followed by sectioning to the desired   thickness at -20ºC using a 
cryostat. Then, sections were placed onto microscopy slides and covered with glycerol/gelatin to 
improve the adhesiveness of the cryosections during staining. As proteins were stained with light 
green solution, starches were stained with lugol solution.      
Lee et al (2001) studied the microstructural characteristics of non-developed, partially 
developed and developed dough using CLSM. They found that a good protein network was 
observed in developed dough while the protein network was not well formed in non-developed 
dough. The distribution of gluten proteins and lipids in bread dough was examined using CLSM 
(Li et al., 2004). Purified gliadin and glutenin were stained with Rhodamine B via covalent 
bonding to form fluorescence labelled proteins. Small amount of fluorescence labelled proteins 
were added to the base flour and observed under CLSM. Results illustrated that gliadin was not 
only found in the bulk dough but were also located in the gas cell walls representing higher 
fluorescence intensities. The use of fluorescently labelled immunoglobulins (antibodies) enables 
the detection and helps locate specific components of interest by using immunohistochemistry 
techniques (Harlow and Lane, 1999).   
Antibodies are a large group of globular, Y shaped proteins formed by the body`s 
immune system .They possess special patterns which recognize the target molecules similar to a 
lock-key interaction (fig. 2.4). A typical antibody comprises of two identical heavy polypeptide 
chains (~55 kDa)  and two identical light polypeptide chains (~25 kDa), which are linked by 
disulfide and noncovalent bonds to form a Y shaped molecule of ~150 kDa composed of antigen 
binding domains (fab) and tail (Fc) (Lipman et al., 2005).  
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          Antibodies are divided into two groups-polyclonal antibodies and monoclonal antibody.  
Polyclonal antibodies involve complex mixtures of different antibodies produced by multiple B 
cell clones. A single B lymphocyte clone functions to produce a monoclonal antibody targeting 
just one specific epitope. Specificity of an antibody is defined by its ability to recognize a 
specific epitope in the presence of other epitopes. Affinity of an antibody refers to its binding 
strength to a specific epitope. It is important to have an antibody with high affinity which 
enhances stability of interaction among an antibody and an antigen.   
          Numerous factors such as interaction with other proteins, temperature lead to 
conformational changes of an antibody. Structural changes resulting from numerous factors such 
as interactions with other proteins, posttranslational modification, temperature, pH, salt 
concentration, and fixation lead to changes in the binding affinity of an antibody for an antigen.   
Polyclonal antibodies often possess better specificity than monoclonal antibody and are less 
vulnerable to the loss of epitopes because conformational changes may not influence all epitopes 
similarly (Lipman et al., 2005). 
          Anti-gliadin polyclonal antibodies have been created in B cells of mice or rabbits by 
injecting whole purified gliadins or subfractions of gliadin,  or  proteolytic   fragments of gliadin, 
or synthetic peptides that characterize epitopes of (Li et al., 2008; Leszczynska et al., 2008). Li et 
al 2008 indicated that wheat quality parameters during the mixing process can be predicted and 
screened using polyclonal antibodies. 
          There are numerous straightforward biolabelling procedures to identify and describe 
structures and are of interest in biological samples. Various key features described by Genger et 
al  (2010) must be considered when a biological label or marker is chosen:  
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          1. It must excite by a light source without interfering with the fluorescence of the 
biological matrix and be measureable with conventional equipment.  2. It must be remarkably 
bright; 3. It must be soluble in an aqueous medium such as buffers or bodily fluids. 4. Be 
thermally and photo chemically durable when exposed to related environments. 5.  It should 
possess functional groups for site-specific labelling of molecules or process of interest. 6. It need 
s to preferably have long fluorescent life time to be able to make time gated imaging if desired. 
7. It should be reproducible and enable surface modification and functionalization. 8. It should 
be biocompatible and non-toxic and 9. it should be ideal for multiplexed detection of molecules 
or processes.  
          Isotopic tracers, organic dyes, quantum dots, and other tools have been employed in 
biolabelling for a long time. However, isotopic labelling possesses various drawbacks including 
high cost, alterations in protein structure and restrictions to the number of proteins and variables 
that can be studied at a time (Lederman, 2007). Therefore, fluorescent labelling techniques using 
quantum dots with superior sensitivity and selectivity have been developed for analyzing 
biomolecules.  
          A fluorophore is a   fluorescent molecule which is capable of being excited by absorbing 
the light energy when exposed to a light source. As shown in figure 2.5, fluorophores consist of 
two energy levels, ground level (the lowest energy level) and excited level. The energy 
difference between excited level and ground level is defined by the band gap energy (Ev). The 
minimum energy required to jump electrons from the ground state to excited state must exceed 
Ev. In the ground state, the electrons have relatively low energy compared to the excited level.   
The electrons that become mobile are shifted from ground level to excited level (a higher energy 
state) when aroused from an optical or electrical energy source. This process is defined as “  
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excitation ” .  The electrons stay for a finite time in excited state. The length of this time is called 
“ the excited state lifetime “. The excited electrons revert back to the ground level by reordering 
themselves, which is accompanied by emission of the light. This is the origin of “ fluorescence “.  
Some of the energy is captured by a neighboring molecule and lost in the form of heat resulting 
from microscopic vibrations of electrons in the excited state. Hence, the emitted light has lower 
energy, thereby longer wavelength than absorbed light. The color of emitted light is significantly 
different than the absorbed light due to differences in the amount of energy carried by lights at 
different wavelengths. When the fluorophore is exposed to a light source, the light is absorbed 
within the range of wavelengths they emit.  
          There is a wavelength located in the range of wavelengths in which the light is absorbed 
more effectively. It is defined as the wavelength for “ excitation maximum “.   Each fluorophore 
possesses its specific excitation range. The excited fluorophore emits light within the same range 
of wavelengths.  “An emission maximum “ is the wavelength inside the range of wavelengths in 
which the light is emitted more effectively than other wavelengths within the range.   
          The difference between the lowest energy peak of absorbance and the maximum energy of 
emission is called “ Stokes Shift “ (Gispert, 2008). Stokes Shift, expresses the ease with which to 
differentiate excitation from emission and is one of the distinctive properties of each fluorophore. 
          Organic dyes have been widely used for biolabelling of biological molecules. Numerous 
organic dyes such as Rhodamine (Rh), fluoresceinisothiocyanate (FITC) and 
tetramethylrhodamineisothiocyanate (TRITC), light green, acid fuchsine, are frequently 
employed in food science research. However, numerous disadvantages of using organic dyes as a 
fluorescent probe exist.  
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          When organic dyes are stimulated by intense laser illumination, they tend to lose their 
intensity due to photochemical damage to the chemical structure of the dye over time. This is 
called “ photobleaching “.  Therefore, the amount of light emitted from the organic dyes 
gradually decreases and lose their brightness.  
          A novel technique able to detect and visualize biological molecules and clarify the 
biological function and activity of biological molecules such as proteins, nucleic acids, and 
others or processes occurring in living cell tissues has been developed. This technique uses   
inorganic materials called “ Quantum Dots “ which overcome the problems encountered by 
organic dyes. The first applications of quantum dots including synthesis and characterization of 
luminescent quantum dots, colloidal semiconductor nanocrystals, emerged in the early 1990s 90s 
(Bawendi et al., 1990; Mattoussi et al., 1996; Hines and Guyot-Sionnest, 1996). Utilization of 
quantum dots as fluorescent probes for biolabelling were demonstrated by several laboratories 
(Bruchez et al., 1998; Chan and Nie, 1998). Quantum dots are highly luminescent, 
semiconductor nanocrystals which vary in size from 2 nm to 10 nm and possess roughly 200-
10000 atoms (fig. 2.6). 
          The sizes and shapes of quantum dots can be precisely controlled by the duration, 
temperature, and the ligand molecules used in synthesis. The emission wavelength can be tuned 
from blue to red wavelengths by changing the particle size (quantum confinement effect) as 
shown fig.2.7. 
          Quantum dots absorb light at all wavelengths shorter than their emission wavelength. This 
allows multiple colors of quantum dots to be effectively excited by a single light source. Their 
stokes shifts can be hundreds of nanometers simplifying the design of instrumentation used for 
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collection and detection of the emitted light t. In addition, this property facilitates multiplexing in 
which two or more quantum dots can be simultaneously excited using a single laser source.  
Typically a quantum dot emission spectrum is nearly Gaussian shaped, which is in contrast with 
most fluorescent dyes that display asymmetric emission spectra.  
          Quantum dots are brighter than organic dyes and fluorescent proteins because they have 
larger extinction coefficients (~10-100 times greater than most dyes). Chan and Nie (1998) 
indicated that brightness of quantum dots are approximately 20 times higher than organic dyes. 
This can also be explained by “ quantum yield “.  Quantum yield, an indicator of the brightness 
of a fluorescent molecule, is expressed as the proportion of the light emitted to light absorbed by 
a fluorophore. Quantum yields of numerous organic dyes can reach up to 100% initially prior to 
binding.  When they bind to affinity molecules and form fluorophore-affinity molecule 
conjugates, their quantum yields significantly decrease. However, even when quantum dots 
create a quantum dots –affinity molecule conjugate, no reduction in quantum yield is observed 
(Hotz, 2005).  
           Stability is one of the most important characteristics of a fluorophore. Organic dyes are 
easily degraded when exposed to intense laser illumination. Therefore, the intensity of light 
emitted by them fade away over time. As indicated fig. 2.8, quantum dots are much more stable 
than organic dyes in terms of photo bleaching because of their inorganic composition (Wu et al., 
2003). For example a superior long-term stability for CdSe/ZnS and rhodamine labelled tubulin 
(Reigler et al., 2003) as well as CdSe and Texas red (Gao et al, 2006) compared to organic dyes 
has been observed. 
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          The fluorescence time of quantum dots is nearly 10 to 40 ns, and most of the conventional 
dyes have shorter fluorescence time (approximately < 5 ns) (Dahan et al., 2001) (fig. 2.9). This is 
not only an indicator of how stable quantum dots are compared to organic dyes, but also allows 
the use of time-gated detection by removing autofluorescence of various  organic compounds 
which possess shorter fluorescent life time than  quantum dots (Dahan et al., 2001). 
Among  II–VI, III–V and IV–VI compounds and their alloys,  II–VI (( zinc sulfide (ZnS), 
Cadmium selenide CdSe, Zinc selenide (ZnSe) cadmium sulfide (CdS ) )compounds and their 
alloys emit visible light, III–V( Indium antimonide (InSb), Indium phosphide (InP) ) compounds 
and their alloys florescence from red to near-infrared, and the IV–VI (PbS) compound emits 
near-infrared and mid–infrared (Murray et al 2000).  
A typical quantum dot’s structure shown in fig. 2.10 can consist of the following layers: (Hotz, 
2005) 
1. The quantum dot core is typically a semiconductor such CdSe and is responsible for its 
optical properties.  
2. core/shell quantum dot possesses a crystalline inorganic shell to render them brighter and 
more stable 
3. Water-Soluble Quantum dots~ typically have a core-shell which is hydrophobic. They are 
manufactured by capping  a hydrophilic ligand on quantum dot surface 
4. Quantum dot-biocongugate~affinity ligand is attached to a water soluble quantum dots.  
           Murray et al. (2000) demonstrated that noble metals which are resistant to corrosion and 
oxidation such as, Ag, Au., groups of  II–VI ( zinc sulfide (ZnS) and cadmium sulfide (CdS)) , 
III–V ( Indium antimonide (InSb))  and IV–VI (PbS) compounds and their alloys can be used to 
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produce colloidal semiconductor nanocrystals. Principles of preparation of monodisperse 
colloidal growth of nanocrystals follow the La Mer theory   (La Mer et al.,  1950) and the 
Oswald ripening process (Ostwald, 1896). The concentration of precursor is increased until it 
reaches the nucleation threshold when maximum supersaturation is reached. At maximum 
supersaturation, nuclei formation occurs and the growth of nuclei proceeds until the precursor 
concentration falls below the nucleation threshold. The particles unceasingly grow until the 
precursor concentration reaches the saturation concentration. Then, Oswald ripening or 
completive growth, involves dissolution of small crystals and redeposition of small crystals as 
larger crystals, Numerous less energetically favored small crystals previously formed are 
depleted by more energetically favored larger particles following Ostwald ripening(Ostwald, 
1896). 
The first approach to produce quantum dots is organic synthesis shown in fig. 2.11. Murray et al 
(1993) established the first synthetic approach to produce well-defined semiconductor 
nanocrystals on the basis of thermal decomposition of organometallic components by injection 
into a hot coordinating solvent. 
To obtain nearly monodisperse nanocrystals,  Dimethyl cadmium (Me2Cd) in tri-n-
occtylphosphine (TOP) solution and Tri-n-octylphosphine selenide  (TOPSe) stock solution were 
collected in a syringe and rapidly injected in one shot in a vessel tank kept at 300ºC containing 
tri-n-octylphosphine oxide TOPO solution used as a reaction medium. Reaction between Me2Cd 
and TOPSe occurred in a vessel tank followed by separation and purification of nanocrystals by 
precipitating in a solvent. TOPO and TOP solutions used as a capping agent provide protection 
of core from environment. The high yield of quantum dots in the range of 50% to 80% and 
nearly monodisperse quantum dots (less than 5%) was obtained without surface defects. 
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Nevertheless, Cd (CH3)2 has undesirable properties such as, being poisonous which leads to 
irritation on skin and mucous membranes. It is also unstable and can spontaneously ignite in air 
and is expensive.  
Alternative green methods have been developed to produce other types of high quality 
nanocrystals. Peng and Peng (2001) showed that CdO can be employed as the Cd precursor in 
lieu of Cd (CH3)2.  Brennen et al (1989), demonstrated that nanoclusters of CdSe were 
synthesized with a  yield of 60-70% using a single-source precursor  Cd(SePh)2,which is less 
toxic than Cd(CH3)2.   
The second approach to synthesize quantum dots is traditional aqueous synthesis or 
precipitate synthesis.  Thiol-capped CdSe nanocrystals were synthesized  based on the  reaction  
between cadmium perchlorate hydrate (Cd(ClO4).6H2O) as a source of metal salt and NaHTe or 
NaHSe NaHSe in the presence of  thiol compounds (thioalcohol or thioacid)  as capping reagents 
in aqueous solution (Rogach et al., 1999).   
         The thiol stabilized nanocrystals possessed less than 0.1% quantum yield and a wide 
emission band.  Higher quantum yields and less synthesis time were achieved by using higher 
temperatures in an autoclave (Zeng et al. 2003), microwave irradiation and illumination (Bao et 
al.,  2004). 
          Zhang et al (2003) found that CdTe nanocrystals grown at 180º C had a narrower particle 
size distribution and higher quantum yields (up to 38 %). The fluorescence quantum yield of 
CdTe nanocrystals improved up to 85% when they were exposed to illumination under room 
light for 20 days based on photodegradation of thioglycolic acid due to illumination and 
redeposition of sulfide ions released from thioglycolic acid on CdTe surface and forming a shell 
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layer (Bao et al., 2004).   High quality CdSe-CdS alloyed quantum dots with enhanced quantum 
yields were manufactured  by means of microwave irradiation (Qian et al., 2005)(fig. 2.12). 
CdSe nanocrystals were formed by reaction of CdCl2 with NaHSe in the presence of 3-
mercaptopropionic acid as a stabilizer. When CdSe nanocrystals were heated by microwave 
irridiation, and Cadmium sulfide formed due to decomposition of 3-mercaptopropionic acid 
which reaccumulated on   CdSe surface by forming CdSe-CdS alloyed quantum dots. The 
synthesis of CdSe-CdS alloyed quantum dots with a florescence quantum yield up to 25% and 
the full width at half maximum of the emission spectrum peak nearly 28 nm was achieved.  
Various continuous flow systems have been developed in which the growth of 
nanocrystals can be controlled by altering temperature, flow rate, precursor concentration. Chan 
et al., ( 2002) utilized  controlled, continuous flow synthesis of high-quality CdSe nanocrystals 
using   a microfabricated chip-based micro reactor  in which CdSe nanocrystals were formed by 
the reaction of precursors and octadecene in a heated micro reactor channel made of borosilicate 
glass wafers. The size of nanocrystals varied in size from 2.23 to 2.64 nm depending on 
manufacturing parameters used. In varying flow rate ratios in the range of 1/1 to 5/1  the 
effective diameter of nanocrystals could be made smaller  with a decrease in precursor/1-
octadecene ratio .The temperature of 180 ºC  gave the smallest size in the range of 180 ºC  to 210 
ºC. When the flow rate of precursor was decreased, and consequently the residence time was 
increased, larger nanocrystals were obtained. Mirhosseini Moghaddam  et al (2013) conducted a 
similar study. They developed a continuous flow processing reactor made of a stainless steel coil 
having a 1 mm inner diameter in which precursor solution was pumped into the reactor by means 
of an HPLC pump to synthesize CdSe nanocrystals. When the temperature in the reactor was 
increased from 240 ºC to 260 ºC and residence time of precursor solution was increased from 2 
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to 20 min, larger quantum dots in the range of 3 to 6 nm were formed. Increased residence time 
and higher temperatures led to the formation of CdSe nanocrystals possessing low quantum 
yields in the range from 11% to 28%.  Significant size distribution differences between different 
treatments were not observed.  
“Blinking” occurs in quantum dots because of either charging or discharging of the 
nanocrystals core driven by light or charging and discharging of surface electron traps resulting 
from surface defects due to oxidation and other chemical reactions. Galland et al (2011) pointed 
out that blinking decreases quantum yields of quantum dot nanocrystals. To prevent and 
overcome blinking and enhance photoluminescence efficiency, atoms located on the surface of 
quantum dots nanocrystals can be protected from undesirable environmental conditions causing 
degradation and oxidation by depositing a shell layer on the core of quantum dots with a wider 
band gap. The coating of quantum dots nanocrystals with a shell makes them more robust and 
leads to higher quantum yields. This is   achieved by passivation non-radiative sites on quantum 
dot nanocrystals surface.  
Dabbousi et al (1997) reported production of (CdSe)ZnS core-shell quantum dot 
nanocrystals using two step synthetic routes. In the first route, CdSe core quantum dots were 
formed by pyrolysis of organometallic components by injection into a hot coordinating solvent. 
In the second route, Diethylzinc (ZnEt2) and hexamethyldisilathiane ((TMS2)S) as sources of Zn 
and S dissolved in TOP were poured into CdSe core quantum dot nanocrystals solution in TOPO 
under vigorously stirring at an intermediate temperature. This temperature and shell precursor 
concentration are important.   The temperature should be in the range of 160 º C – 220 º C which 
only supports the growth of ZnS on CdSe surface. This temperature range inhibits Oswald 
ripening of CdSe cores which causes wider spectral line widths and inadequate of ZnS 
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nanocrystals.  Shell precursor concentration should be high enough and addition rate should be 
fast enough to favor homogenous growth of ZnS on CdSe surface. The study demonstrated that 
the quantum yield of CdSe over coated with ZnS (50 %) was enhanced three times compared to 
bare TOPO capped CdSe core nanocrystals (15%).  
Quantum dots are typically formed in nonpolar organic solvents which makes them 
insoluble in water. Numerous solubilization approaches have been developed in order to render 
them hydrophilic, thereby biocompatible and capable of being used in vivo (Fig.2.13). One 
procedure used to make quantum dots water soluble is ligand displacement with molecules 
comprising of thiols. Reagents used for this purpose include ,  Mercaptoacetic acid ( Mitchell et 
al., 1999), Mercaptopropionic acid (Willard et al., 2001), Mercaptoundecanoic acid (Aldana et 
al., 2001), 16-Mercaptohexadecanoic acid (Aldana et al., 2001), Dihyrolipoic acid ( Mattoussi et 
al., 2000), Ditiotheitol (Pathak et al., 2001), cystamine (Nann et al., 2008), cysteine (Liu et al., 
2007), dendimers ( Guo et al., 2003), thiol-derivatized sugar (Babu et al., 2007), carboxyl acids-
containing oligomeric phosphines ( Kim and Bawendi, 2003) or phytochelatin-related peptides 
(Pinaud et al., 2004) in which TOPO (triotylphosphine oxide). Hydrophobic ligand, located on 
quantum dot surface are displaced by one or more of the long list of hydrophilic ligands 
mentioned above which possess greater affinity than TOPO ligand for quantum dots surface.  
Compact versatile ligands have been used to synthesize quantum dots with improved stability 
and biological functionalities as shown in Fig. 2.14 (Susumu  et al., 2007; Susumu et al., 2009). 
A ligand molecule consists of three units:  polyethylene glycol  (PEG)  to promote 
hydrophilicity, a functional unit to provide further modification on quantum dot surface linked to 
the one end of PEG (-COOH, -NH2, -OH and Biotin) and dihydrolipoic acid (DHLA) to offer 
anchoring on quantum dot surface as illustrated in fig. 2.15.   Thiotic acid (TA) is attached to one 
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end of PEG and then, DHLA is formed by reduction of 1, 2-dithiolanein groups of TA in the 
presence of NaBH4 via ring opening reaction (figure 2.16).  
The ligand exchange reactions are performed to replace the native hydrophobic ligands 
(TOP/TOPO) on quantum dot surface with hydrophilic ligands to be able to form water soluble, 
biocompatible quantum dots having free functional units for further modification.  
The second approach is to use of amphiphilic molecules (phospholipids micelles 
(Dubertret et al., 2002), poly (maleic anhydride-alt-1-octadecene) (PMAO)-PEG (Yu et al., 
2007), amphyphilic polymer shell (Pellegrino et al., 2003), triblock copolymer (Gao et al., 2004) 
to obtain biocompatible quantum dots. Ampiphilic molecules possess both hydrophobic and 
hydrophilic moieties. As hydrophobic TOPO molecules binds to hydrophobic ends of 
amphiphilic molecules via hydrophobic-hydrophobic interactions, hydrophilic end extends from 
quantum dots surface towards aqueous environment 
There are several approaches to bioconjugate quantum dots to biomolecules 
(e.g.,antibodies, proteins, peptides, oligonucleotides).  One approach uses  electrostatic 
interactions between the negatively charged lipoic acid capped CdSe-ZnS quantum dots and 
positively charged engineered  adapter  having not only binding affinity to Fc region of 
antibodies, but also are able to bond through  electrostatic interactions with charged quantum 
dots ( Jaiswal et al. 2003; Goldman et al 2001). 
          The second approach is streptavidin-biotin interaction used to link quantum dots to 
antibodies.  This approach benefits from the high binding affinity that streptavidin and biotin 
have for each other (Kd~10
-14
) in which streptavidin coated antibodies are linked to biotinylated 
Fc region of antibodies.  
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          The third approach is covalent crosslinking of quantum dots with antibodies. This gives a 
more stable and stronger bond than electrostatic interactions.  Amine or carboxyl derivatized 
quantum dots have been covalently linked to compounds containing thiol groups ( Dubertret et 
al., 2002;Mitchell, 1999); or N hydroxysuccinimyl ester moiety (Bruchez et al., 1998) using 
standard bioconjugation  techniques. The first reaction is the reduction of antibody to make its 
sulfhydryl–SH groups available for conjugation reaction using  DL-Dithiothreitol (DTT) as 
shown in fig. 2.17. 
Succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) is a non-cleavable 
and membrane permeable crosslinker. It possesses two groups including an amine-reactive N -
hydroxysuccinimide (NHS ester) and a sulfhydryl-reactive maleimide group. NHS esters react 
with primary amines at pH 7-9 to form stable amide bonds whereas Maleimides bind to 
sulfhydryl groups at pH 6.5-7.5 to form stable thioether bonds. 
 (fig. 2.18). Quantum dots are excellent probes for confocal laser scanning microscopy which 
offer timed- gated studies because of their high photostability and multiplexing (2 or more 
quantum dots can be observed in the same time). The basic confocal laser scanning microscopy 
involves a laser power source, objective lens, dichroic mirror, oscillating mirrors screen 
composed of a pinhole and photomultiplier tubes as detector (fig. 2.19). The excitation light in a 
range of different distinct wavelengths is provided a laser source. Assume that the light 
emanating from the laser source is red and the light emitted from sample is green. The light 
passes through a dichroic mirror in which light shorter than a certain wavelength is reflected 
whereas the light longer than the wavelength is passed.  Since the violet light possesses a lower 
wavelength and higher energy, it is reflected through the dichroic mirror. The reflected violet 
light hits the one or two special oscillating mirrors to be able to scan the laser across a sample 
 23 
 
pixel by pixel in the horizontal plane and is then focused on a sample plane by an objective lens. 
The emitted green light having a longer wavelength and lower energy is rescanned by the 
oscillating mirrors and passes through the dichroic mirror due to its longer wavelength and a 
pinhole conjugate to the focal point of the screen. Out of focus light is blocked by the screen 
with a pinhole. The green light passing through the pinhole is collected by a detector such as a 
photomultiplier tube. The different horizontal planes (Z stacks) are created by moving the sample 
holder up or down direction. 3D images of samples can be obtained when a series of such Z 
stacks at various depths are combined.  
          Even though there are many applications of QDs in biomedical field, only one application 
exists emerging from our laboratory (Sozer and Kokini, 2013) in imaging the distribution of 
gluten proteins in dough and bread. Carboxyl-functionalized water soluble CdSe/ ZnS core/shell 
quantum was used to tag and identify cereal proteins in bread. Quantum dots were attached to 
protein surface in the presence of EDC (1-Ethyl-3-[3- dimethylaminopropyl] carbodiimide 
hydrochloride), a zero length crosslinker. EDC reacted   with carboxyl group on quantum dot 
surface and formed an amine-reactive O-acylisourea intermediate. This intermediate covalently 
bonds to free amine groups on protein surface.  
          In our study, we focused on gliadin fractions of cereal proteins and   studied their 
distribution and location as a function of mixing time during dough development and their role in 
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Figure 2.2.  Schematic representation of a farinogram indicating Arrival time (1), Peak time(2), 









































































Figure 2.6. Size comparison of quantum dots. 
 
 













Figure 2.7.  The Emission Spectra of Quantum Dot Nanocrystals Size tunable florescence 
properties of quantum dots ; From left to right, the emission maxima are located at 480, 510, 

















Figure 2.8.  Comparison of Photostability of Quantum Dots and Organic Dyes (Alexa 488). 
 

















Figure 2.9.  Comparison of Fluorescent Life Time between Organic Fluorophore and Quantum 
Dots 
 















Figure 2.10.  Structure of a quantum dot nanocrystals compromising of core, shell, polymer 
coating and biomolecule. 
 















Figure 2.11. (A)  Monodisperse Colloid Nucleation and Growth Theory, (B) synthesis of core 















Figure 2.12. TEM image of CdSe-CdS alloyed quantum dots produced by microwave 













Figure 2.13.  Schematic representation of various approaches to solubilize and functionalize  

















Figure 2.14.  Schematic illustration of chemical composition   and synthetic pathways required 
to form versatile ligands. (a)structure of  hydroxyl-derivatized DHLA-PEG. (b)  amine-
terminated DHLA-PEG formation pathway  (c)conversion of TA-PEG-NH2 to TA-PEG-COOH 
or TA-PEG-biotin (d) transformation of 1,2 dithiolane groups to dihyrolipoic acid groups via 






Figure 2.15. Schematic representation of modular design of ligand. Adopted from Mattoussi et 
al (2007). 
 












Figure 2.16. Schematic representation of ligand exchange strategy to functionalize the surface of 
















































Figure 2.19. Schematic representation of a Confocal Laser Scanning Microscopy 
 
 
















           Polyclonal Anti-gliadin antibody, Hi Trap Protein G High Performance affinity column 
and prolong media   were purchased from Sigma Aldrich (St Louis, MO). Qdot 625 was 
purchased from a local market in Champaign, IL. (Gold Medal brand, manufactured by General 
Mills, Minneapolis, MN, approximate protein content 10.5% and approximate carbohydrate 
content of 79%) Tissue-Tek™ CRYO-OCT Compound, Tissue-Tek cyromolds and TRUBOND 
380 microscope slides were acquired from Fisher Scientific (Pittsburgh, PA) through the Institute 
of Genomic Biology of the U of I. PBS buffer concentrate was purchased from Sigma Aldrich 
and was diluted in the ratio of 1 to 10. All other chemicals used in experiments were of analytical 
grade. Acetone and paraformaldehyde were purchased from Sigma Aldrich (St Louis, MO).  















3.2.1 Preparation of Dough Samples 
          To prepare the dough samples, constant flour weight procedure (AACCI Method 54-
21.02) was followed. Prior to starting the experiment, moisture content of flour was measured. 2 
grams of flour was weighed and placed into an aluminum sample pan. Moisture content of flour 
was determined by using a HR83 Halogen Moisture Analyzer (Mettler Toledo, Columbus, OH).  
A Farinograph (C.W. Brabender® Instruments, Inc, South Hackensack, NJ) with a 300 g bowl 
was utilized to prepare the dough samples. The required amount of flour based on a 14 percent 
moisture basis was placed into the farinograph bowl. The Farinograph bowl was kept at 30 ºC ±1 
by a thermostatically controlled circulating water bath. The samples were mixed for 1 min. and 
DI water from a burette was carefully poured into the flour to form dough.  When the dough is 
being developed as a result of the addition of water and mixing the resistance to mixing is plotted 
as  a curve (farinogram) on a graph paper by the built in Farinograph plotter.  Water was added 
until the center of curve reached 500 Brabender unit (B.U.) and water absorption of flour to 
reach 500 BU was recorded. Then, the essential quantity of flour based on a 14 percent moisture 
basis was weighed and placed into the farinograph bowl and mixed for 1 min. respectively.  The 
predetermined amount water was added to the farinograph bowl using the burette to create a 
dough and water-flour mixture was mixed for 20 min. to obtain an entire farinograph curve. 
Arrival time (AT), peak time (PT), departure time (DT), and comminute time (10 min after 
departure time) were recorded from the farinogram curve. Dough samples were obtained from 
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the farinograph bowl at arrival time (AT), peak time (PT), departure time (DT), and comminute 
time (10 min after departure time) for further studies. 
 
3.2.2 Sectioning of Samples for Microscopy Imaging  
Small pieces of dough samples (0.5 cm
3 
) were taken from the farinograph bowl at four 
different mixing times which included  arrival time, peak time, departure time and 10 min. after 
departure time and placed into a beaker containing 20 ml of heparin solution ( 500 IU/ml)  for 10 
min to remove auto fluorescence of dough. The samples were then rinsed with DI water and 
placed into disposable plastic Tissue-Tek cryomolds after their surfaces were covered by a thin 
layer of O.C.T embedding compound.  Tissue freezing medium ( O.C.T) was  also smeared on 
samples to entirely cover the dough samples to avoid dehydration of samples and to offer a 
suitable specimen medium for cryostat sectioning at temperatures of –10°C (14°F) and below. 
Each disposable plastic cyromold containing dough sample was covered with labelled, precut 
pieces of aluminum foil. Each aluminum pack was immersed into liquid nitrogen in a beaker and 
incubated for 10 min.  Aluminum packs were taken out by means of forceps and stored at -80 º 
C.  Dough samples were sectioned using a LEICA CM 3050 S Cryostat (Leica Biosystems 
Nussloch GmbH, Germany). They were transferred to a cryostat in liquid nitrogen and aluminum 
foil packs were removed inside the cryostat. A thin layer of O.C.T compound was poured into 
the cryostat chuck and the samples in disposable plastic cryomolds were laid on the O.C.T 
coated chuck. These samples were frozen as an ensemble containing sample/O.C.T/chuck at -20 
ºC for 10 min. The inlet temperature of the cryostat was set at -20 ºC and kept between -18 ºC 
and -20 ºC. The samples were longitudinally carefully cut to a thickness of 10 µm. The sections 
 49 
 
were then placed onto special hydrophilic adhesive microscope slides and air-dried overnight at 
room temperature.  
The slides were placed in a slide rack and immersed in a staining dish containing reagent- 
grade acetone or 4 % paraformaldehyde/PBS for ten minutes. The samples were divided into two 
groups. One group was fixed in a reagent-grade acetone which provides greatest staining by 
preserving antigenic determinants but morphology and the other one was fixed in 4 % 
paraformaldehyde/PBS which provides superior morphology. The slides were air-dried for 10 
minutes at room temperature. Then, a hydrophobic barrier on the each slide was created by 
encircling each section using a special wax pan to avoid the antibody-quantum dots mixture from 
spreading over the entire surface of the slide.  
3.2.3 Antibody Purification 
 
          In order to obtain antibody with maximum selectivity and sensitivity it needs to be 
purified. A procedure by GE Healthcare Life Sciences was followed to purify polyclonal Anti-
gliadin antibody. In this procedure, Hi Trap Protein G High Performance affinity column was 
used to purify and isolate polyclonal Anti-gliadin antibody from blood, serum, and ascites. The 
column was composed of Protein G coupled with highly cross linked agarose gel by using N-
hydroxysuccinimide. Protein G, with molecular weight of 17000, is an Fc Type III receptor 
produced by streptococcus. Protein G has affinity for Fc regions of polyclonal antibodies. The 1 
ml column was placed into a fast liquid protein chromatography system (AKTAFLPC) (General 
Electric Company, USA).  One vial of anti-gliadin polyclonal antibody solution (1 ml) in 0.01 M 
phosphate buffered saline (PBS), pH 7.4, was thawed at room temperature. Then, 1 ml of 
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antibody solution was diluted in 10 ml PBS solution. Absorbance of the antibody solution was 
measured in a spectrophotometer at 280 nm.  
There were two different buffers used in purification of antibodies. A binding buffer 
contained 20 mM sodium phosphate at pH 7.0, and the elution buffer was composed of 0.1 M 
glycine-HCl at pH 2.7. The affinity column was washed with 10 ml of binding buffer at a 
constant flow rate of 1 ml/min by means of FLPC where solvent velocity is controlled by a 
peristaltic pumps The antibody solution was diluted to 700 µg/ ml and was loaded to the column, 
recirculated several times with the FLPC system until most of the antibodies were bound to the 
column. The column was then washed 10 times with binding buffer. Antibody fractions bound to 
the column were collected by eluting with 5 ml of elution buffer in 1 ml centrifuge tubes 
containing 60 μl 1 M Tris-HCl, pH 9.0 to neutralize to the final pH.  The final concentration of 
antibodies were determined and adjusted to 1 mg/ml. Purified and isolated antibodies were stored 
at -20 ºC in a freezer. 
  
3.2.4 Preparation of Antibody-Quantum Dot Conjugate 
          To prepare antibody-quantum dot conjugate, a method offered by Invitrogen was followed 
(fig 3.1).  In this method, 1 L of 1X PBS solution was prepared from 10 X PBS solution. 1 X 
PBS solution is composed of 10 mM phosphate, 138 mM NaCL, 2.7 mM KCL. The pH of the 
solution was adjusted to 7.2 by adding 0.1 M HCL. 
          50 µl of 10 mM Succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate 
(SMCC) solution in dimethylsulfoxide (DMSO) was thawed in a water bath at 37 ºC for 20 min. 
1 mg/ml gliadin antibody solution in PBS was prepared. 
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          14 µl of SMCC solution was pipetted into 1.5 ml centrifuge tube. 125 µl of 4 µM QDot 
solution was added to this centrifuge tube. The tube was briefly mixed using a vortex mixer from 
Fisher scientific. In order to activate quantum dots crystals, the mixed solution was incubated for 
one hour at 26 ºC. 
          In the next step 300 µl of antibody solution at 1 mg/ ml was pipetted into 1.5 ml centrifuge 
tube.  6.1 µl of 1 M Dithiothreitol DTT solution was added to the tube containing antibody. The 
tube was again mixed using a vortex mixer. 
          Two desalting columns with exchange buffers were prepared prior to the end of the 
antibody reduction. One of these columns was used to “reduce the antibody” and the other to 
activate quantum dots nanocrystals and were accordingly labelled.  Top and bottom lids 
were detached from the both columns. Meanwhile the liquid in each column was approaching 
the top of the column gel bed. In the next step, 10 mL (3 column volumes) of exchange buffer 
(50 mM MES, 2 mM EDTA, pH 6.0) was added to equilibrate each column gel. The bottom of 
each column was capped when sufficient exchange buffer was left above the gel bed on each 
column. 
 500 μL of water was then pipetted into a 1.5 ml centrifugation tube. The level of water was 
marked with a pen.   A second 500 ml aliquot of water was added to the 1.5 ml centrifugation 
tube containing 500 μL of water and put a second mark outside the tube at the meniscus by 
following discarding the water.  After the antibody reduction ended, 20 μL of dye labeled 
marker was added to the reduced antibody.  The exchange buffer above the gel bed surface was 
then introduced into the “Reduced antibody” desalting column.   Once the exchange buffer reached 
the gel surfaces, the reduced antibody mixed with the dye labelled marker was added to the 
desalting column.   As soon as the reduced antibody mixture entirely entered the gel, 1 mL of 
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exchange buffer was added to the top of the gel bed to elute the antibody. 500 µl of reduced 
antibody was collected from the column in a previously marked centrifuge tube after the first 
dyed drop was separated. 
          “Activated Qdot nanocrystals” desalting column was then opened and the exchange buffer 
was introduced above the gel bed surface.   Once the exchange buffer reached the gel surfaces, the 
activated Qdot nanocrystals were added to the top of the gel bed. Once the activated Qdot 
nanocrystals entirely diffused into the gel, 1 mL of exchange buffer was added to the top of the 
gel bed to elute the Qdot nanocrystals.  Activated Qdot nanocrystals were collected from the 
column in a centrifuge tube containing reduced antibody until the final volume reached 1 ml. The 
first drop of dyed material was discarded. 
          Conjugation between reduced antibody and activated Qdot nanocrystals occurred at room 
temperature for one hour. 10 mM, 10 µl of 2-mercaptoethanol solution was prepared and added to 
the labelled centrifuge tube in which conjugation reaction took place and incubated for 1 hour at 
room temperature. 
          To prepare the separation column, top and bottom lids were uncapped and 8 ml separation 
media containing 20 % ethanol as a preservative were uniformly dispersed in the bottle by using 
vigorous shaking in a vortex mixer. Then, the separation column was marked with two lines which 
were indicators of height of the gel bed.  One was located at 45 mm above the frit, and second one 
at 55 mm above the frit. Sufficient amount of uniformly suspended separation media was poured 
into the separation column with a 1 ml pipette until it reached the 55 mm line. Dripping began to 
occur at the bottom of the column and a packed gel bed formed at about the 45 mm line. As a level 
bed surface formed, 0.5 ml of DI water was introduced   into the top of the column. The separation 
columns were connected to a syringe using a tubing which had two edges. When one edge of the 
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tubing was combined with the tip of the column, second one was attached to the syringe. The 
solvent from the column was removed by pulling out the syringe plunger. As the level of solvent 
approached the top of the gel bed, the column was filled out with PBS solution. The level of PBS 
was lowered to above the top of the gel by drawing the syringe plunger down. This filling and 
draining step was done in triplicate. In the last one, the column was filled to a level which was 3 mm 
higher than top of the gel. The syringe was disconnected by removing the tubing and top and bottom 
lids of the column were replaced. 
          Once quenching the conjugation reaction ended up, the volume of tube was divided into two 
equal aliquots in two ultrafiltration devices. The samples containing   both conjugated antibody and 
unconjugated antibody, were centrifuged at 4000x g for 15 min. in a Mini Spin Plus Benchtop 
Microcentrifuge (Eppendorf, Germany) until the final volume of the sample in each device was 
reduced to 20 µl. This step enabled concentration of the substrate in each solution.  
          Next, the top and bottom lids were uncapped and PBS was eluted into the samples by gravity. 
As soon as PBS level reached the top of the gel surface, concentrated samples (total volume of 40 
µl) were poured into the separation column and were allowed to enter the gel following addition of 
50 µl of PBS. A dead space formed between the frit and the column tip. The first ten drops of the 
antibody-quantum dots conjugate was collected in a centrifuge tube when the color was seen in the 
dead space. The conjugate was stored at 4 ºC in a refrigerator. Optical density of the conjugate was 
measured at 610 nm by using a UV-VIS spectrophotometer in the visible range. The conjugate 
concentration was obtained by using this formula; 
 
In which A is the absorbance,  is the molar extinction coefficient, c is the molar concentration, and 




3.2.5 Staining the Sections 
           The staining procedure starts by placing the slides in a slide rack, immersed in a staining 
dish containing PBS and incubated for 5 min. PBS was removed from slides by tipping the slides 
and allowing the PBS solution to drip out. Residual PBS around the samples was also removed 
by gently absorbing the solution with Kim wipes without contaminating and damaging the 
samples.   Diluted antibody solution (1/10 v/v in PBS) were directly inoculated to the regions 
encircled with wax pen and incubated for one hour without letting the sections dry. The slides 
were washed in PBS solution for 10 min.  This step was triplicated.  One  drop of prolong)  
media as an antifading agent  was applied  to  each section and covered with a coverslip to 
preserve the QDs from photobleaching  during fluorescence microscopy experiments. The edges 
of the coverslips were sealed  with nail polish to prevent drying. Slides were placed in a dark 
room and we waited until the nail polish dries at room temperature for 12 hours. They were kept 
for another 12 hours at 4 ºC in a refrigerator. 
 
3.2.6 Examination of Dough Samples by Confocal Microscopy 
A confocal laser scanning microscope (Zeiss LSM 710, Carl Zeiss Micro imaging GmbH, 
Germany) was used to visualize dough sample microstructure. Starch granules were identified by 
simple polarized light .The excitation wavelengths of the QDs were 405 nm for the reflection and 
615 nm for the fluorescence signal for QDs.  Carl Zeiss Plan-Apochromat 20x/0.8 M27 objective 
lens was employed to view each dough samples.  Digital image files in 512X512 pixel resolution 





3.2.7 Digital Image Processing and Analysis 
Imaje J, an open source java program, was used to be able to quantify CLSM images (National 
Institutes of health, Bethesda, MD, USA). Prior to analyze sections of dough samples in different 
mixing times 5 digital images for each dough sample, the images were converted to grayscale. A 
fussy thresholding algorithm developed by Huang et al. (1995) was used to apply the 
segmentation of protein to background by forming a binary images. Particle count (ΣP), average 
size ΦA (µm2), % area, average intensity and perimeter (µm) values were calculated from binary 

















3.3 Figures and Tables 







Qdot® 525 nanocrystals 
 
200,000 M-1 cm-1 
At the highest absorbance 
value between 504 and 512 
nm  
Qdot® 565 nanocrystals 
 
300,000 M-1 cm-1 
At the highest absorbance 
value between 540 and 556 
nm  
Qdot® 585 nanocrystals 
 
400,000 M-1 cm-1 
At the highest absorbance 
value between 567 & 575 nm 
 
Qdot® 605 nanocrystals 
 
650,000 M-1 cm-1 
At the highest absorbance 
value between 596 & 604 nm 
 
Qdot® 625 nanocrystals 
 
500,000 M-1 cm-1 
At the highest absorbance 
value between 605 & 612 nm 
Qdot® 655 nanocrystals 800,000 M-1 cm-1 638 nm exactly 
Qdot® 705 nanocrystals 1,700,000 M-1 cm-1 550 nm exactly 
Qdot® 800 nanocrystals 1,700,000 M-1 cm-1 550 nm exactly 



























RESULTS AND DISCUSSION 
 
4.1 Evaluation of Wheat Flour Dough by Farinograph 
          A characteristic hockey stick shaped Farinograms for the dough is shown in Figure 4.1 and 
relevant properties are shown in Table 4.1.  Flour moisture content was found to be 11.62% 
(w/w). Water absorption of wheat flour was found to be 57.8 %. The arrival time where the curve 
reached 500 Brabender Units) was found to be 75s (arrival time); peak time, was 12 minutes. 
The departure time where the curve went below the 500 BU line was 23 min. The dough sample 
was further mixed 10 minutes after the departure time. The final mixing time used in this study 
was 33 minutes. Stability of the dough sample was calculated to be 22 min. The Farinogram 










4.2 Microstructural Characteristics 
           Confocal Laser Scanning Microscopy (CLSM) was used to visualize the distribution of 
gliadin in bread dough at 4 different mixing times (arrival time, peak time, departure time and 10 
min after departure time).   
          Confocal laser scanning micrographs are shown in figures 4.2, 4.4, 4. 6, 4.8, 4.10, 4.12, 
4.14, 4.16 in reflection, transmission and the overlay of transmission and reflection in arrival 
time ( Figures 4.2 and 4.10 ) , peak time ( Figures 4. 4 and 4.12 ) , departure time ( Figures 4.6 
and 4.14 ) , and 4.10 min after departure time ( figures 4.8 and 4.16 )  respectively.  The two sets 
of figures correspond to fixing the sample in acetone and in paraformaldehyde. Acetone 
preserves the antigens very well compared to paraformaldehyde and paraformadehyde enables 
the protection of the structure compared to acetone because the paraformaldehyde crosslinks the 
amine groups of antigens. The acetone fixing method results in more accurate binding between 
the gliadin antibody and the epitopes on gliadin. The paraforlmadehyde fixing method on the 
other hand fixes the molecular structure in place due to crosslinking but at the expense of less 
accurate gliadin antibody binding.   The reﬂection signal is shown in red (top left images), the 
transmission in black and white (top right images), and the overlay of transmission and reflection 
in combination of red, black and white (bottom left images) in figures 4.2, 4.4, 4.6, 4. 8, 4.10, 
4.12, 4.14, and 4.16 The florescence intensities of gliadin at the characteristic mixing times as a 
function of location on the sample are illustrated in 3D  figures 4.3, 4.5, 4.7, 4.9, 4.11, 4.13, 4.15, 
4.17 and 4.19 respectively.  The dough sample sections shown in figures 4.2, 4.3, 4.4, 4. 5, 4.6, 
4.7, and 4. 8, 4.9 were fixed in acetone, and the dough sample sections shown in Figure 4.10, 4. 
11, 4.12, 4.13, 4.14, 4.15, and 4.16 were fixed in  4%.paraformaldehyde  
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         It is clearly seen that gliadin molecules were not distributed homogenously and were 
present as  large compact clusters illustrated in Fig 4.2(a) and both large and small starch 
molecules existed (fig 4.2(b)) in arrival time. Gliadin molecules were partially interconnected 
and there are still some unoccupied areas between protein filaments. There were various large 
starch molecules that were not embedded in gliadin molecules.  Most of the small starch 
molecules were surrounded by gliadin molecules and attached to them. The fluorescence 
intensities of gliadin molecules in arrival time are illustrated in 3D images (fig. 4.3).  The result 
illustrated that most of the gliadin molecules were clustered in several specific areas representing 
higher intensities in the bulk dough. While the lack of homogenous networking for the gluten 
protein at arrival time has been known for more than three decades through Moss’ classic and 
elegant study using dyes, a specific understanding for gliadin was not available until this study 
and a parallel study in our laboratory (Ansari et al, 2014). Clearly gliadin behavior is not very 
different than gluten behavior but knowing the specific distribution is in the dough might offer 
insights on the role of this distribution on the quality of the dough. Li  et al (2004) studied the 
distribution of added gliadin using dyes but again the intrinsic gliadin in dough is being studied 
for the first time. 
        Figure 4.4 shows the change in gliadin microstructure at peak time for the same wheat 
dough. Gliadin strands still form a compact and coarse network  in which some large starch 
particles were surrounded by gliadin and  many small starch particles were embedded in them(fig 
4.4a, 4.5). There were fewer gliadin free regions present in the dough section as a result of the 
distribution of gliadin in the dough.  It can be seen that gliadin strands became thinner compared 
to arrival time because of elongation and distribution of gliadin strands. Gliadin proteins were 
still observed to be agglomerated. However a smoother protein matrix was formed compared to 
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arrival time (fig. 4.5). The hydrophobicity of gliadin proteins clearly prevent the hydrophilic 
starch to successfully mix with gliadin. The starch granules tend to be attracted with one another 
and the protein despite the intense energy introduced during mixing is still in the form of 
aggregates.  
         The protein network uniformity was enhanced with prolonged mixing time. Changes in 
gliadin microstructure in departure time are shown in figure 4. 6. Uniformity was related to 
distribution and dispersion of gliadins across the section.  Prolonged mixing led to formation a 
more continuous relatively evenly distributed protein matrix. Even though most of the space 
between starch granules was occupied by gliadin strands, a high number of relatively small 
gliadin strands   were formed. Starch molecules were evenly distributed within the gliadin matrix 
and the protein film was distributed around them. Clearly the additional mechanical energy 
during mixing hydrated the gliadin to its fully extent and helped the formation of a relatively 
well formed gliadin film. The presence of water facilitated the contact and distribution between 
the hydrophilic starch granules and the now better mixed and hydrated protein film. . 
          The most uniform gliadin distributions were observed at 10 min. after departure time. 
Gliadin strands formed airy sponge-like structure partly because of the incorporation of air into 
the dough and partly by surrounding adjacent starch molecules (fig. 4.8). Starch molecules 
located in the dough matrix were observed to be uniformly distributed.  
 It can be seen that gliadin proteins are more abundant around compact protein rich domains 
formed due to aggregation of hydrated gluten during mixing and less around starch molecules in 
arrival times illustrated in Figures 4.10. Gliadin is the more viscous of the two major classes of 
proteins, gliadins and glutenins and flows best among the two protein classes. Glutenins because 
of their high elasticity and high hydrophobicity are not likely to disperse as well as gliadins. 
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There were some regions that did not show a lot of gliadin but the density and size of these 
regions is a lot smaller compered to arrival time and peak time. The protein network is not well 
formed yet and gliadins were not properly dispersed around starch in these regions.  This is 
consistent with earlier work about development of gluten While in these studies the distribution 
of gluten has been studied this is the first such study specifically focusing on distribution of 
gliadin Therefore, black regions shown in the fig.  4.10 show no gliadin molecules and only 
starch molecules are observed.  In the fig. 4.10 gliadin free regions are encircled with green 
ellipsoid indicators, and compact protein masses were marked with blue ellipsoid indicators. At 
this mixing time there is insufficient dispersion and distribution of gliadin protein.  These 
findings were supported by other researchers. Dough sheared at small strains resulted in the 
formation of   heterogeneous protein structures on the scale of more than 100 µm and protein 
rich and protein poor regions (starch rich) were observed. (Peighambardoust et al., 2006). This 
was also in agreement with the ﬁndings of Paredeslopez and Bushuk (1982), Moss et al. (1987) 
and more recently those of Calderon-Dominguez et al. (2003), who presented that coarse protein 
ﬁlaments were formed at the early stages of dough mixing. As mixing time increased, gliadins 
were more uniformly distributed in the dough matrix and began to uniformly surround starch 
granules. Compared to dough samples at arrival time, gliadin was uniformly distributed in the 
dough matrix at peak time, as shown in figure 4.12. Figure 4.13 illustrated that gliadin filaments 
spread across the dough matrix because they became more stretched and various starch granules 
were attached to the gliadins.    In figures 4.14, and 4.15, we show some protein dense regions 
drawn with green ellipsoid markers and a few protein poor regions encircled in blue ellipsoid 
markers.  At departure time, starch granules were homogenously bound to the thinly stretched 
red-colored gliadin strands and starch molecules were surrounded by gliadin filaments.   
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Schluenz et al. (1999) and Lee et al. (2001)  works  showed that the energy input during mixing 
increases the amount of developed protein matrix up to the optimum mixing time where a protein 
network forms. Another observation that follows is that the formation of a protein structure 
resulted in a smoother structure as observed by microscopy. During dough development, water 
diffuses into flour particles resulting in hydration and swelling of the starch and proteins. In the 
early stages, the swollen proteins start to interact and form aggregates because they are 
predominantly hydrophobic and the presence of water promotes hydrophobic interactions that 
progressively lead to an entangled polymer network.  
         As the dough gradually develops and becomes increasingly homogenous with energy 
addition, the protein strands are prolonged into a continuous network surrounding most of the 
starch granules (Bloksma et al, 1990). The role of native gliadin in this networking process is not 
well understood and has not been studied by prior researchers because of unavailability of 
molecular tools to specifically probe gliadin behavior until now. What is well known however is 
that gliadin has better flow properties and is more viscous compared to glutenin which is much 
more elastic The most uniform gliadin distributions was found in 10 min after departure time 
where the dough is overmixed compared to arrival time, peak time and departure time presented 
in figures 4.16 and 4.17 as expected because gliadin can flow better than the rest of gluten and 
can distribute the most in the dough compared to other protein components. Gliadins were 
evenly distributed   and surrounded starch granules by enclosing them and there was no region 
that did not have gliadin at a mixing time 10 min after departure time. This is consistent with 
observations in the SEM study by Amend et al. (1991) of over-mixed dough. They reported that 
substantial extending  perforates led to formation of an interconnected network of ﬁne gluten 




          Mixing helps the formation of a uniform and fine gluten structure. Surrounding starch 
granules and addition of energy input increases the amount of protein matrix formation as dough 
transitions from a nondeveloped dough to a developed dough.   
           Both large lenticular and small spherical granules were observed in all dough sections 
illustrated in figures 4.2, 4.4, 4.6, 4.8, 4.10, 4.12, 4.14, and 4.16.  Because of its birefringence 
property under polarized light, starch granules can be discriminated from air bubbles or lipids.  
We also utilized from Image J program to be able to analyze and process the images from 
different sections of dough samples (Table 4.2 and 4.3). Particle count (ΣP), average size ΦA 
(µm
2
), % area, average intensity and perimeter (µm) values were calculated. The highest particle 
counts were observed in the both acetone and 4 % paraformaldehyde fixed samples mixed for 23 
min representing 10 min after departure time. The particle counts were 452±91. for acetone fixed 
samples whereas   491±129was obtained from paraformaldehyde fixed samples. The smallest 
particle counts were found in both acetone and paraformaldehyde fixed dough samples. Particle 
counts were calculated to be 261.4±17.5 and 280±16 respectively. These numbers are reasonable 
because the formation of a large coarse protein strands at the early stages of mixing process is 
expected since there is not energy and mixing time to effectively disperse the protein and gliadin 
more specifically. The sections obtained from samples mixed for 75 seconds related to arrival 
time gave the smallest surface area. There was an increase in the % total area of detectable 
proteins with prolonged mixing. The highest intensity values (mean value) were found at peak 
time in both acetone and paraformaldehyde fixed sections. 10 min after departure time gave 




          Figure 4.20 illustrated binary CLSM micrographs of wheat dough at different mixing 
times.  At arrival time (fig 4.20 a), mixing   led to the formation of coarse protein domains in the 
dough structure.  Discontinuous protein rich domains and areas with mainly starch granules are 
visible, demonstrating structural inhomogeneity in the dough at arrival time.  
At peak time (fig 4.20 b) mixing transformed the discontinuous protein domains into 
interconnected gliadin   domains. Amend et al. (1991) stated that the mixing process prolongs the 
gluten structures, results in making the surface area larger and the depth smaller. Thus, numerous 
extended gliadin filaments transform into films, a continuous gluten phase. 
More mechanic energy applied lead to Prolonged mixing of dough (Fig. 4.20 c and d) resulted in 
formation of a fine gliadin structure with maximum homogeneity.  The finest gliadin strands 
formation was observed in fig 4.20d. 
             It was also observed that gliadin is not only found surrounding starch granules  in dough 
, but also are located on the boundaries of  gas cells or `cell walls`. Figures 4.19 and 4.20 show 
the distribution and the florescence intensity of gliadin in the gas cell walls. The round structures 
with sharp interfaces observed in dough correspond to gas pores formed by air inclusions during 
mixing. This is consistent with the work of (Li et al., 2004) who observed   that gliadin was 
found not only in strands of dough, but was also seen related the gas cell walls It was noted that 
compared to a fermented bread dough (with yeast) the gas cells are rather small (largest air void 
approx.45 mm) and composed of air instead of CO2 as in bread dough. 
        Gliadin could be very important to the rheology of bulk dough and also suggests that it 
could get involved in formation of gas cell walls, which supports the expansion capacity 
(Ornebro et al., 2000).   
 66 
 
          In order to develop a good understanding of the distribution of gliadin throughout the 
depth of the dough section Z-stack images were obtained at 0.75 µm intervals. These images 
complement the previous images for the four mixing times by giving an understanding of the 
three dimensional distribution of gliadin in dough samples. 3D images were obtained by 
reconstructing images captured at different focal planes at sequential depths, 0,75 µm  apart  in 
the Z stack in a single display.  3D images of are illustrated in figures 4.21, 4.22, 4.23, 4.24, 
4.25, 4.26, and 4.27 respectively for arrival time, peak time, departure time and 10 minutes after 
departure time fixed in acetone and paraformaldehyde.  
          The results showed that antibody-quantum dots conjugates successfully diffused into the 
3D matrix and were bound to gliadins. Distribution and location of gliadin at different focal 
planes in each section were found to show similar patterns for a given mixing time. Gliadins 
were evenly dispersed in dough sections and typically localized in the center of the sections. This 
supports the observation and hypothesis that the mobility of gliadin due to its lower viscosity 
enables gliadin to diffuse to the inner sections of the dough along with all other parts of the 
sample. Intensities of gliadins at top and bottom stacks were relatively low compared to ones 
located at center. It might be because of optical sectioning of starch molecules found at top and 







4.3 Figures and Tables 
 





Wheat flour  
% moisture content of flour(%w/w) 11.62 
Water Absorption (%) 57.8 
Arrival time (sec) 75 
Peak time (min) 12 
Departure time (min) 23 
Stability  (min) 22 
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Table 4.2. Parameters associated with protein properties after image processing of CLSM images as affected by mixing time during 





(ΣP)  Average size(µm2) % Area 
Mean (average 
intensity) 
Perimeter (P)   
(µm) 
AT 261.4±17.49 156.8085±19.99237 41.643±2.709281 16.1606±3.829772 24.053±5.914597 
PT 344.5±92.30565 112.628±58.36034 31.4622±5.220749 26.03633333±9.4580 33.89975±14.56417 
DT 380±6.97615 128.26±12.8443114 49.6354±4.065495 17.502±7.914474 20.8506±2.491903 
10 min. 










Table 4.3 Parameters associated with protein properties after image processing of CLSM images as affected by mixing time during 




(ΣP)  Average size(µm2) % Area 
Mean (average 
intensity) 
Perimeter (P)   
(µm) 
AT 280±16.09348 93.02966667±15.09042651 25.93975±2.376179 19.779±2.308002 
26.49633±9.993516 
PT 292.2±56.84365 132.0724±24.17752 38.066±1.891327 31.3426±10.60955396 38.4575±8.982619 
DT 396±132.9361 124.873±54.012 48.055±6.733 17.6385±4.8465 20.609±0.709 







































Figure 4.2. Microstructure of dough section fixed in Acetone at Arrival time. A (top left), Protein 
molecules bound to quantum dots  scanned with an objective   Carl Zeiss Plan-Apochromat 20x/0.8 
M27  with excitation wavelength of  405 nm  and emission wavelength of 615nm ;   B (top right), starch 
granules under polarized light; C (bottom left), overlay of A and B showing the distribution of gliadin in 
the dough matrix and around starch. Blue indicator illustrates a region where glidin strands were 









Figure 4.3. The fluorescence intensity of gliadin in dough sample at  Arrival time (acetone fixed 
section) scanned at different depths with an objective with an objective   Carl Zeiss Plan-Apochromat 
20x/0.8 M27  with excitation wavelength of  405 nm and emission wavelength of 615nm  Fluorescence 






Figure 4.4. Microstructure of dough section fixed in Acetone at Peak time. A (top left), Protein molecules 
bound to quantum dots  scanned with an objective   Carl Zeiss Plan-Apochromat 20x/0.8 M27  with 
excitation wavelength of  405 nm ( ? ) and emission wavelength of 615nm ;   B (top right), starch granules 
under polarized light; C (bottom left), overlay of A and B showing the distribution of gliadin in the dough 






Figure 4.5. The fluorescence intensity of gliadin in dough sample at  departure time (acetone 
fixed section) scanned at different depths with an objective with an objective   Carl Zeiss Plan-
Apochromat 20x/0.8 M27  with excitation wavelength of  405 nm ( ? ) and emission wavelength of 
615nm  Fluorescence intensity is proportional to the height of the observed peaks and the 







Figure 4.6. Microstructure of dough section fixed in Acetone at Departure  time. A (top left), Protein 
molecules bound to quantum dots  scanned with an objective   Carl Zeiss Plan-Apochromat 20x/0.8 
M27  with excitation wavelength of  405 nm ( ? ) and emission wavelength of 615nm ;   B (top right), 
starch granules under polarized light; C (bottom left), overlay of A and B showing the distribution of 





Figure 4.7. The fluorescence intensity of gliadin in dough sample at  departure time (acetone 
fixed section) scanned at different depths with an objective with an objective   Carl Zeiss Plan-
Apochromat 20x/0.8 M27  with excitation wavelength of  405 nm ( ? ) and emission wavelength of 
615nm  Fluorescence intensity is proportional to the height of the observed peaks and the 





Figure 4.8. Microstructure of dough section fixed in Acetone at 10 min after Departure  time. A (top left), 
Protein molecules bound to quantum dots  scanned with an objective   Carl Zeiss Plan-Apochromat 
20x/0.8 M27  with excitation wavelength of  405 nm ( ? ) and emission wavelength of 615nm ;   B (top 
right), starch granules under polarized light; C (bottom left), overlay of A and B showing the distribution 





Figure 4.9. The fluorescence intensity of gliadin in dough sample at  departure time (acetone 
fixed section) scanned at different depths with an objective with an objective   Carl Zeiss Plan-
Apochromat 20x/0.8 M27  with excitation wavelength of  405 nm ( ? ) and emission wavelength of 
615nm  Fluorescence intensity is proportional to the height of the observed peaks and the 






Figure 4.10. Microstructure of dough section fixed in in 4 % paraformaldehyde at arrival time using 
a Brabender Farinograph. A (top left), Protein molecules bound to quantum dots  scanned with an 
objective   Carl Zeiss Plan-Apochromat 20x/0.8 M27  with excitation wavelength of  405 nm ( ? ) and 
emission wavelength of 615nm ;   B (top right), starch granules under polarized light; C (bottom left), 
overlay of A and B showing the distribution of gliadin in the dough matrix and around starch. Blue 
indicator illustrates a region where glidin strands were aggregated wheareas green ellipsoids illustrated 




Figure 4.11. The fluorescence intensity of gliadin in dough sample at  departure time ( 4 
paraformaldehyde fixed section) scanned at different depths with an objective with an objective   Carl 
Zeiss Plan-Apochromat 20x/0.8 M27  with excitation wavelength of  405 nm ( ? ) and emission 
wavelength of 615nm  Fluorescence intensity is proportional to the height of the observed peaks 





Figure 4.12. Microstructure of dough section fixed in in 4 % paraformaldehyde at peak time using a 
Brabender Farinograph. A (top left), Protein molecules bound to quantum dots  scanned with an 
objective   Carl Zeiss Plan-Apochromat 20x/0.8 M27  with excitation wavelength of  405 nm ( ? ) and 
emission wavelength of 615nm ;   B (top right), starch granules under polarized light; C (bottom left), 
overlay of A and B showing the distribution of gliadin in the dough matrix and around starch. Blue 
indicator illustrates a region where glidin strands were aggregated wheareas green ellipsoids illustrated 




Figure 4.13. The fluorescence intensity of gliadin in dough sample at departure time (4 
paraformaldehyde fixed section) scanned at different depths with an objective with an objective   Carl 
Zeiss Plan-Apochromat 20x/0.8 M27 with excitation wavelength of 405 nm ( ? ) and emission 
wavelength of 615nm  Fluorescence intensity is proportional to the height of the observed peaks 




Figure 4.14. Microstructure of a dough section fixed in 4 % paraformaldehyde at departure time 
using a Farinograph. A, Quantum dot fluorescent intensity conjugated with the gliadin protein 
matrix under 633 nm  laser light;   B, starch granules under polarized light; C overlay of gliadin 
fluorescent intensity in figure A and polarize  starch in B showing the distribution of gliadin 





Figure 4.15. The Fluorescence intensity of quantum dot conjugated gliadin at dough  departure 
mixing time using a Farinograph  (4% paraformaldehyde fixed section) The image represents a 
dough section 300 micronsX300 microns and the peaks represent the fluorescence intensity of 
quantum dots conjugated with gliadin.the regions where there are no gaps represent starch 








Figure 4.16. Microstructure of dough section fixed in in 4 % paraformaldehyde at 10 min after 
departure time using a Brabender Farinograph. A (top left), Protein molecules bound to quantum dots  
scanned with an objective   Carl Zeiss Plan-Apochromat 20x/0.8 M27  with excitation wavelength of  
405 nm ( ? ) and emission wavelength of 615nm ;   B (top right), starch granules under polarized light; C 
(bottom left), overlay of A and B showing the distribution of gliadin in the dough matrix and around 




Figure 4.17. The Fluorescence intensity of quantum dot conjugated gliadin at dough  departure 
mixing time using a Farinograph  (4% paraformaldehyde fixed section) The image represents a 
dough section 300 micronsX300 microns and the peaks represent the fluorescence intensity of 
quantum dots conjugated with gliadin.the regions where there are no gaps represent starch 






Figure 4.18. Distribution of gliadin around gas cells representing higher intensity and bulk 
dough ( acetone fixed section, departure time) The image represents a dough section 300 
micronsX300 microns and the peaks represent the fluorescence intensity of quantum dots 










Figure 4.19. Structural details of distribution of gliadin around gas cells (4 paraformaldehyde 










Figure 4.20. Binary CLSM micrographs of wheat dough at arrival time A (top left), Peak time 
B(top right), departure time C(bottom left), 10 min after departure time D(bottom right) (acetone 









Figure 4.21 A 3D image of acetone fixed section at arrival time. Red color illustrates the 
location and distribution of gliadin at each focal plane. Intervals between focal planes were set 














Figure 4.22 A 3D image of acetone fixed section at peak time. Red color illustrates the location 









Figure 4.23 A 3D image of acetone fixed section at departure time. Red color illustrates the 
location and distribution of gliadin at each focal plane. Intervals between focal planes were set 
















Figure 4.24 A 3D image of acetone fixed section at 10 min after departure time. Red color 
illustrates the location and distribution of gliadin at each focal plane. Intervals between focal 










Figure 4.25 A 3D image of 4% paraformaldehyde fixed section at arrival time. Red color 
illustrates the location and distribution of gliadin at each focal plane. Intervals between focal 











Figure 4.26 A 3D image of 4% paraformaldehyde fixed section at peak time. Red color 
illustrates the location and distribution of gliadin at each focal plane. Interval between focal 











Figure 4.27 A 3D image of 4% paraformaldehyde fixed section at 10 min after departure time. 
Red color illustrates the location and distribution of gliadin at each focal plane. Intervals between 





OVERALL CONCLUSIONS AND FUTURE WORK 
           In this study we brought a novel perspective for the application of QDs in food science by 
using them as fluorescent probes which are more stable and brighter compared with organic dyes 
to tag and identify gliadins in wheat flour dough. We tagged gliadin proteins with water soluble, 
biocompatible amine derivatived polyethylene glycol functionalized quantum dots to increase the 
clarity and specificity of imaging and then investigate the effect of different mixing conditions 
on their distribution and their role in building dough structure. 
           Mixing led to considerable changes in the distribution of gliadins in dough   
microstructure.  CLSM images obtained from dough sections were very bright and clear and 
allowed us distinguish gliadin easily. The amount of protein was least in arrival time as 
compared with the amounts present in peak time, departure time and 10 min after departure time. 
The highest protein content was observed in 10 min after departure time.  It was presumed that 
the intensity of quantum dots was not only related to the amount of protein matrix but also the 
area occupied by the protein in the sample. The proteins were more compact in arrival times due 
to fact that gliadin proteins were not aligned. The most uniform gliadin distribution were 
observed in 10 min after departure time. Addition of energy input increases Uniformity of 
protein matrix formation from arrival time to 10 min after departure time increased with the 
increase of energy input during mixing. The QDs were found not only to be localized around the 
air cells representing higher intensities but also bulk of dough. 
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       In the future work, quantum dots can be employed to label specific gliadin and glutenin 
fractions of dough sample simultaneously and this will offer an opportunity to obtain detailed 



















Abuhammad, W. A., Elias, E. M., Manthey, F. A., Alamri, M. S., & Mergoum, M. (2012). A 
comparison of methods for assessing dough and gluten strength of durum wheat and their 
relationship to pasta cooking quality. International Journal of Food Science and 
Technology, 47(12), 2561-2573 
Aldana, J., Wang, Y.A. and Peng, X.G. (2001). Photochemical instability of CdSe nanocrystals       
coated by hydrophilic thiols. J. Am. Chem. Soc. 123, 8844 
 
Amend, T., & Belitz, H. -. (1990). The formation of dough and gluten-a study by scanning 
electron microscopy. Zeitschrift Für Lebensmittel-Untersuchung Und -
Forschung, 190(5), 401-409 
Amend T, Belitz HD, Moss R, Resmini P. Microstructural Studies of Gluten and a Hypothesis on 
Dough Formation. Food  Structure. 1991;10:277-288 
Ariss AJ (1986) Immunocytochemical studies of wheat proteins. Thesis, Hatfield Polytechnic, 
Hatfield, UK 
Atwell, W.A., 2001. Wheat Flour. Eagan Press Handbook Series. St. Paul, Minnesota, USA 
 
Autio, K., & Laurikainen, T. (1997). Relationships between flour/dough microstructure and 
dough handling and baking properties. Trends in Food Science and Technology, 8(6), 
181-185 
Autio, K., & Salmenkallio-Marttila, M. (2001). Light microscopic investigations of cereal grains, 
doughs and breads. LWT - Food Science and Technology, 34(1), 18-22 
Babu, P.; Sinha, S.; Surolia, A. Sugar-quantum dot conjugates for a selective and sensitive 
detection of lectins. Bioconjugate Chem. 2007, 18, 146-151 
Bache, I. C., & Donald, A. M. (1998). The structure of the gluten network in dough: A study 
using environmental scanning electron microscopy. Journal of Cereal Science, 28(2), 
127-133 
Bao, H., Gong, Y., Li, Z., & Gao, M. (2004). Enhancement effect of illumination on the 
photoluminescence of water-soluble CdTe nanocrystals: Toward highly fluorescent 
CdTe/CdS core-shell structure. Chemistry of Materials, 16(20), 3853-3859 
Barak, S., Mudgil, D., & Khatkar, B. S. (2013). Relationship of gliadin and glutenin proteins 
with dough rheology, flour pasting and bread making performance of wheat 
varieties. LWT - Food Science and Technology, 51(1), 211-217 
 100 
 
Bawendi, M. G., Wilson, W. L., Rothberg, L., Carroll, P. J., Jedju, T. M., Steigerwald, M. L., & 
Brus, L. E. (1990). Electronic structure and photoexcited-carrier dynamics in nanometer-
size CdSe clusters. Physical Review Letters, 65(13), 1623-1626 
Blonk, J. C. G., & van Aalst, H. (1993). Confocal scanning light microscopy in food 
research. Food Research International, 26(4), 297-311 
Bloksma, A. H. (1990). Dough structure, dough rheology, and baking quality. Cereal Foods 
World 35:237-244 
Brennan, J. G., Siegrist, T., Carroll, P. J., Stuczynski, S. M., Brus, L. E., & Steigerwald, M. L.                                                  
(1989).  The preparation of large semiconductor clusters via the pyrolysis of a molecular  
precursor. Journal of the American Chemical Society, 111(11), 4141-4143 
 
Bruchez Jr., M., Moronne, M., Gin, P., Weiss, S., & Alivisatos, A. P. (1998). Semiconductor 
nanocrystals as fluorescent biological labels. Science, 281(5385), 2013-2016 
Caglar, O., Karaoglu, M. M., Bulut, S., Kotancilar, H. G., & Ozturk, A. (2011). Determination of 
some quality characteristics in winter and facultative bread wheat (triticum aestivum L.) 
varieties. Journal of Animal and Veterinary Advances, 10(25), 3356-3362 
Calderón-Domínguez, G., Neyra-Guevara, M., Farrera-Rebollo, R., Arana-Errasquín, R., & 
Mora-Escobedo, R. (2003). Structural and farinographic changes during mixing of a yeast 
sweet dough. Nahrung - Food, 47(5), 312-319 
Chan, W. C. W., & Nie, S. (1998). Quantum dot bioconjugates for ultrasensitive nonisotopic 
detection. Science, 281(5385), 2016-2018 
Chan, E. M., Mathies, R. A., & Alivisatos, A. P. (2003). Size-controlled growth of CdSe 
nanocrystals in microfluidic reactors. Nano Letters, 3(2), 199-201 
Dabbousi, B. O., Rodriguez-Viejo, J., Mikulec, F. V., Heine, J. R., Mattoussi, H., Ober, R., . . . 
Bawendi, M. G. (1997). (CdSe)ZnS core-shell quantum dots: Synthesis and 
characterization of a size series of highly luminescent nanocrystallites. Journal of 
Physical Chemistry B, 101(46), 9463-9475 
Dahan, M., Laurence, T., Pinaud, F., Chemia, D. S., Alivasatos, A. P., Sauer, M., 
              and Weiss, S. (2001) Time-gated biological imaging by use of colloidal quantum dots.  
              Opt. Lett. 26, 825–827 
 
Dobraszczyk, B. J., & Morgenstern, M. P. (2003). Rheology and the breadmaking 
process. Journal of Cereal Science, 38(3), 229-245 
 101 
 
Dubertret, B., Skourides, P., Norris, D. J., Noireaux, V., Brivanlou, A. H., & Libchaber, A. 
(2002). In vivo imaging of quantum dots encapsulated in phospholipid 
micelles. Science, 298(5599), 1759-1762 
Fardet, A., Baldwin, P. M., Bertrand, D., Bouchet, B., Gallant, D. J., & Barry, J. -. (1998). 
Textural images analysis of pasta protein networks to determine influence of 
technological processes. Cereal Chemistry, 75(5), 699-704 
Fido, R. J., Békés, F., Gras, P. W., & Tatham, A. S. (1997). Effects of α-, β-, γ- and ω-gliadins 
on the dough mixing properties of wheat flour 
Galland, C., Ghosh, Y., Steinbrück, A., Sykora, M., Hollingsworth, J. A., Klimov, V. I., & 
Htoon, H. (2011). Two types of luminescence blinking revealed by 
spectroelectrochemistry of single quantum dots. Nature, 479(7372), 203-207 
Gao, X., Cui, Y., Levenson, R. M., Chung, L. W. K., & Nie, S. (2004). In vivo cancer targeting 
and imaging with semiconductor quantum dots. Nature Biotechnology, 22(8), 969-976 
 Gispert, J.R. (2008). Coordination Chemistry. Wiley-VCH, 483. 
Goldman, E. R., Mattoussi, H., Tran, P. T., Anderson, G. P., & Mauro, J. M. (2001). 
Bioconjugates of luminescent CdSe-ZnS quantum dots with engineered recombinant 
proteins: Novel self-assembled tools for biosensing. Paper presented at the Materials 
Research Society Symposium - Proceedings, 642 J2.8.1-J2.8.6. 
Guo, W.Z., Li, J.J., Wang, Y.A. and Peng, X.G. (2003). Conjugation chemistry and       
bioapplications o  semiconductor box nanocrystals prepared via dendrimer bridging. 
Chem. Mater. 15, 3125 
 
Harlow, E., and  Lane, D(1999) Using antibodies: A laboratory manual (Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, NY) 
Hines, M. A., & Guyot-Sionnest, P. (1996). Synthesis and characterization of strongly 
luminescing ZnS-capped CdSe nanocrystals. Journal of Physical Chemistry, 100(2), 468-
471 
Hoseney, R. C. 1994. Principles of Cereal Science and Technology, 2nd ed. American 
Association of Cereal Chemists, St. Paul, MN. Chapter 4. 
 
Hoseney, R.C., (1985). The mixing phenomenon. Cereal Foods World, 30: 453-457 
 
Hoseney, R. C., & Rogers, D. E. (1990). The formation and properties of wheat flour 




Hotz, C. Z. (2005). Applications of quantum dots in biology: An overview. Methods in 
Molecular Biology (Clifton, N.J.), 303, 1-17 
Huang, L.& Wang, M. J. (1995). Image thresholding by minimizing the measures of 
fuzziness. Pattern Recognition, 28(1), 41-51 
Hug-Iten, S., Handschin, S., Conde-Petit, B., & Escher, F. (1999). Changes in starch 
microstructure on baking and staling of wheat bread. LWT - Food Science and 
Technology, 32(5), 255-260 
Jacoby, M. (2011). Why quantum dots blink. Chemical and Engineering News, 89(50), 31 
Jaiswal, J. K., Mattoussi, H., Mauro, J. M., & Simon, S. M. (2003). Long-term multiple color 
imaging of live cells using quantum dot bioconjugates. Nature Biotechnology, 21(1), 47-
51 
Janssen, A. M., Van Vliet, T., & Vereijken, J. M. (1996). Rheological behaviour of wheat 
glutens at small and large deformations. effect of gluten composition. Journal of Cereal 
Science, 23(1), 33-42 
Ji, Y., Gang, J., & Hu, W. (2013). Quality of bread containing potentilla anserina l. cultivated in 
china. Italian Journal of Food Science, 25(2), 189-195 
Kaláb, M., Allan-Wojtas, P., & Miller, S. S. (1995). Microscopy and other imaging techniques in 
food structure analysis. Trends in Food Science and Technology, 6(6), 177-186 
Kasarda, D. D., Bernardin, J. E., & Nimmo, C. C. (1976). Wheat proteins. Advanced in Cereal  
            Science and Technoogyl, 1, 158-236 
 
Keentok, M., Newberry, M. P., Gras, P., Bekes, F., & Tanner, R. I. (2002). The rheology of 
bread dough made from four commercial flours. Rheologica Acta, 41(1), 173-179 
. 
Khatkar, B. S., Barak, S., & Mudgil, D. (2013). Effects of gliadin addition on the rheological, 
microscopic and thermal characteristics of wheat gluten. International Journal of 
Biological Macromolecules, 53, 38-41 
 
Kim, S.; Bawendi, M.G. Oligomeric ligands for luminescent and stable nanocrystal quantum 
            dots. J. Am. Chem. Soc. 2003, 125, 14652-14653 
Kuktaite, R., Larsson, H., Marttila, S., & Johansson, E. (2005). Effect of mixing time on gluten 
recovered by ultracentrifugation studied by microscopy and rheological 
measurements. Cereal Chemistry, 82(4), 375-384 
Lamer, V. K., & Dinegar, R. H. (1950). Theory, production and mechanism of formation of 
monodispersed hydrosols. Journal of the American Chemical Society, 72(11), 4847-4854 
 103 
 
Lasztity, R., 1996. The chemistry of cereal proteins. Second Edition. CRC  Press, Boca Raton. 
pp. 3–138 
Lederman L. (2007). Label-Free Mass Spectrometry. BioTechniques, 42(6), 681–685 
Lee, L., Ng, P. K. W., Whallon, J. H., & Steffe, J. F. (2001). Relationship between rheological 
properties and microstructural characteristics of nondeveloped, partially developed, and 
developed doughs. Cereal Chemistry, 78(4), 447-452. 
Létang, C., Piau, M., & Verdier, C. (1999). Characterization of wheat flour-water doughs. part I: 
Rheometry and microstructure. Journal of Food Engineering, 41(2), 121-132 
Leszczyńska, J., Łacka, A., Bryszewska, M., & Brzezińska-BŁaszczyk, E. (2008). The 
usefulness of rabbit anti-QQQPP peptide antibodies to wheat flour antigenicity 
studies. Czech Journal of Food Sciences, 26(1), 24-30 
Li, W., Dobraszczyk, B. J., & Wilde, P. J. (2004). Surface properties and locations of gluten 
proteins and lipids revealed using confocal scanning laser microscopy in bread 
dough. Journal of Cereal Science, 39(3), 403-411 
Li, Q.Y., Ji, X.Y., Song E.Y., Pei, Y.H. and Yan Y.M. (2008). Polyclonal Antibodies to Grain 
Gliadins and Their Application in Wheat Quality Prediction. Cereal Research 
Communications, 36(1), 117-124 
 
Lipman, N. S., Jackson, L. R., Trudel, L. J., & Weis-Garcia, F. (2005). Monoclonal versus 
polyclonal antibodies: Distinguishing characteristics, applications, and information 
resources. ILAR Journal, 46(3), 258-267 
 
Liu, E., Li, M., Emery, L., Taki, I., Barriga, K., Tiberti, C., Hoffenberg, E. J. (2007). Natural          
history of antibodies to deamidated gliadin peptides and transglutaminase in early 
childhood celiac disease. Journal of Pediatric Gastroenterology and Nutrition,45(3), 293-
300 
 
Liu, W., Choi, H.S., Zimmer, J.P., Tanaka, E., Frangioni, J.V., Bawendi, M. Compact cysteine-
coated CdSe(ZnCdS) quantum dots for in vivo applications. J. Am. Chem. Soc. 2007, 
            129, 14530-14531. 
Mattoussi, H., Cumming, A. W., Murray, C. B., Bawendi, M. G., & Ober, R. (1996). 
Characterization of CdSe nanocrystallite dispersions by small angle x-ray 
scattering. Journal of Chemical Physics, 105(22), 9890-9896 
Mattoussi, H., Mauro, J.M., Goldman, E.R., Anderson, G.P., Sundar, V.C., Mikulec, F.V. and 
Bawendi,M.G. (2000). Self-assembly of CdSe–ZnS quantum dot bioconjugates using an 
engineered recombinant protein. J. Am. Chem. Soc. 122, 12142 
 104 
 
Martinant, J. -., Nicolas, Y., Bouguennec, A., Popineau, Y., Saulnier, L., & Branlard, G. (1998). 
Relationships between mixograph parameters and indices of wheat grain quality. Journal 
of Cereal Science, 27(2), 179-189 
McMaster, T. J., Miles, M. J., Wannerberger, L., Eliasson, A. -., Shewry, P. R., & Tatham, A. S. 
(1999). Identification of microphases in mixed α- and ω-gliadin protein films investigated 
by atomic force microscopy. Journal of Agricultural and Food Chemistry,47(12), 5093-
5099 
Meintjes, G. D. (2004, November). The use of HPLC for quality prediction of South African 
wheat cultivars. Retrieved October 23, 2013, from http://etd.uovs.ac.za/ETD-
db/theses/available/etd-08232005-103805/unrestricted/MEINTJESGD.pdf 
Michalet, X., Pinaud, F. F., Bentolila, L. A., Tsay, J. M., Doose, S., Li, J. J., . . . Weiss, S. 
(2005). Quantum dots for live cells, in vivo imaging, and 
diagnostics. Science, 307(5709), 538-544 
Migliori, M., & Correra, S. (2013). Modelling of dough formation process and structure 
evolution during farinograph test. International Journal of Food Science and 
Technology, 48(1), 121-127 
 
Mirhosseini Moghaddam, M., Baghbanzadeh, M., Sadeghpour, A., Glatter, O., & Kappe, C. O. 
(2013). Continuous-flow synthesis of CdSe quantum dots: A size-tunable and scalable 
approach. Chemistry - A European Journal, 19(35), 11629-11636 
Mitchell, G.P., Mirkin, C.A. and Letsinger, R.L. (1999). Programmed assembly of DNA 
functionalized quantum dots. J. Am. Chem. Soc. 121, 8122. 
 
Mohsen, S. M., Yaseen, A. A., Ammar, A. M., & Mohammad, A. A. (2010). Quality 
characteristics improvement of low-phenylalanine toast bread. International Journal of 
Food Science and Technology, 45(10), 2042-2051 
Moss R, Gore PJ, Murray IC. The Influence of Ingredients and Processing Variables on the 
Quality and Microstructure of  Hokkien, Cantonese and Instant Noodles. Food 
Microstructure. 1987;6:63-74 
 
Murray, C. B., Kagan, C. R., & Bawendi, M. G. (2000). Synthesis and characterization of 
monodisperse nanocrystals and close-packed nanocrystal assemblies. Annual Review of 




Murray, C. B., Norris, D. J., & Bawendi, M. G. (1993). Synthesis and characterization of nearly 
monodisperse CdE (E = S, se, te) semiconductor nanocrystallites. Journal of the 
American Chemical Society, 115(19), 8706-8715 
Osborne, T. B. (1908). Our present knowledge of plant proteins. Science, 28(718), 417-427\ W.  
Ostwald. 1896. Lehrbuch der Allgemeinen Chemie, vol. 2, part 1. Leipzig, Germany 
Örnebro, J., Nylander, T., & Eliasson, A. (2000). Interfacial behaviour of wheat proteins. Journal 
of Cereal Science, 31(2), 195-221 
Paredes-López, O., & Bushuk, W. (1983). Wheat: Effects of mixing in breadmaking. [Trigo: 
effectos del mezclado en panificación.] Archivos Latinoamericanos De Nutricion, 33(1), 
67-82 
Pathak, S., Choi, S.K., Arnheim, N. and Thompson, M.E. (2001). Hydroxylated quantum dots as 
luminescent probes for in situ hybridization. J. Am. Chem. Soc. 123, 4103 
 
Peighambardoust, S. H., Dadpour, M. R., & Dokouhaki, M. (2010). Application of 
epifluorescence light microscopy (EFLM) to study the microstructure of wheat dough: A 
comparison with confocal scanning laser microscopy (CSLM) technique. Journal of 
Cereal Science, 51(1), 21-27 
 
Peighambardoust, S. H., Van Der Goot, A. J., Van Vliet, T., Hamer, R. J., & Boom, R. M. 
(2006). Microstructure formation and rheological behaviour of dough under simple shear 
flow. Journal of Cereal Science, 43(2), 183-197 
Pellegrino, T., Manna, L., Kudera, S., Liedl, T., Koktysh, D., Rogach, A.L., Keller, S.; Rädler, J., 
Natile, G., Parak, W.J. Hydrophobic nanocrystals coated with an amphiphilic polymer 
shell:  
A general route to water soluble nanocrystals. Nano Lett. 2004, 4, 703-707. 
Peng, Z. A., & Peng, X. (2001). Formation of high-quality CdTe, CdSe, and CdS nanocrystals 
using CdO as precursor [6]. Journal of the American Chemical Society, 123(1), 183-184 
 
Pinaud, F.; King, D.; Moore, H.-P.; Weiss, S. Bioactivation and cell targeting of semiconductor 
            CdSe/ZnS nanocrystals with phytochelatin-related peptides. J. Am. Chem. Soc. 2004, 
126, 6115-6123. 
 
Pons, T., & Mattoussi, H. (2009). Investigating biological processes at the single molecule level 





Prasad, V., Semwogerere, D., & Weeks, E. R. (2007). Confocal microscopy of colloids. Journal 
of Physics Condensed Matter, 19(11) 
 
Qian, H., Li, L., & Ren, J. (2005). One-step and rapid synthesis of high quality alloyed quantum 
dots (CdSe-CdS) in aqueous phase by microwave irradiation with controllable 
temperature. Materials Research Bulletin, 40(10), 1726-1736 
Resch-Genger, U.,  Grabolle, M.,   Nitschke, R.,  Nann, T. (2010). Nanocrystals and 
nanoparticles versus molecular fluorescent labels as reporters for bioanalysis and the life 
sciences: a critical comparison. Advanced fluorescence reporters in chemistry and 
biology ii: molecular constructions, polymers and nanoparticles, 09, 3-40 
Resch-Genger, U.; Grabolle, M.; Cavaliere-Jaricot, S.; Nitschke, R.; Nann, T. Quantum dots 
            versus organic dyes as fluorescent labels. Nat. Methods 2008, 5, 763-775. 
 
Reigler J., Nick, P., Kielmann, U., Nann, T. (2003).Visualizing the self-assembly of tubulin with 
luminescent rods. Journal of Nanoscience and Nanotechnology 3,380-385. 
 
Rogach, A. L., Kornowski, A., Gao, M., Eychmüller, A., & Weller, H. (1999). Synthesis and 
characterization of a size series of extremely small thiol-stabilized CdSe 
nanocrystals. Journal of Physical Chemistry B, 103(16), 3065-3069 
 
Singh, R., Lamoureux, G. V., Lees, W. J., & Whitesides, G. M. (1995). Reagents for rapid 
reduction of disulfide bonds. Methods in Enzymology, 251, 167-173 
 
Shewry, P.R. & Tatham, A.S. (1990). The prolamin storage proteins of cereal seeds: structure 
and evolution. Biochemical Journal, 267, 1-12 
Southan, M., & MacRitchie, F. (1999). Molecular weight distribution of wheat proteins. Cereal 
Chemistry, 76(6), 827-836 
Susumu, K., Uyeda, H. T., Medintz, I. L., Pons, T., Delehanty, J. B., & Mattoussi, H. (2007). 
Enhancing the stability and biological functionalities of quantum dots via compact 
multifunctional ligands. Journal of the American Chemical Society, 129(45), 13987-
13996 
Susumu, K., Mei, B. C., & Mattoussi, H. (2009). Multifunctional ligands based on dihydrolipoic 
acid and polyethylene glycol to promote biocompatibility of quantum dots. Nature 




Tsiami, A. A., Bot, A., Agterof, W. G. M., & Groot, R. D. (1997). Rheological properties of 
glutenin subfractions in relation to their molecular weight. Journal of Cereal 
Science, 26(1), 15-27 
Upadhyay, R., Ghosal, D., & Mehra, A. (2012). Characterization of bread dough: Rheological 
properties and microstructure. Journal of Food Engineering, 109(1), 104-113 
Watanabe, A., Larsson, H., & Eliasson, A. -. (2002). Effect of physical state of nonpolar lipids 
on rheology and microstructure of gluten-starch and wheat flour doughs. Cereal 
Chemistry, 79(2), 203-209 
Willard, D.M., Carillo, L.L., Jung, J. and Van Orden, A. (2001). CdSe–ZnS quantum dots as 
resonance energy transfer donors in a model protein–protein binding assay. Nano Lett. 1, 
469. 
Wieser, H. (2007). Chemistry of gluten proteins. Food Microbiology, 24(2), 115-119 
Wu, X., Liu, H., Liu, J., Haley, K. N., Treadway, J. A., Larson, J. P., . . . Bruchez, M. P. (2003). 
Immunofluorescent labeling of cancer marker Her2 and other cellular targets with 
semiconductor quantum dots. Nature Biotechnology, 21(1), 41-46 
 
Yu, W.W.; Chang, E.; Falkner, J.C.; Zhang, J.; Al-Somali, A.M.; Sayes, C.M.; Johns, J.;  
            Drezek, R.; Colvin, V.L. Forming biocompatible and nonaggregated nanocrystals in             
water using  amphiphilic polymers. J. Am. Chem. Soc. 2007, 129, 2871-2879 
 
